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PREFACE TO VOL. II 
(first edition) 

The aim which the Authors have set before them- 
selves in treatiiiff of the Metals and their Compounds 
is the same as that which they proposed in the dis- 
cussion of the Non-Metallic Elements. Owing, how- 
ever, to the large number of the Metals and their 
Salts, the description of these latter could not, within 
practicable limits, be made so complete as is possible 
in the case of the Non-Metallic Compounds. Hence 
the Authors, whilst giving the characteristic properties 
of each metal, have been obliged to restrict their notice 
to those compounds which possess the greatest interest 
either of a theoretical or practical kind. 

Due attention has been paid to the more important 
technical processes connected with Metallurgy, and no 
pains have been spared to assist the description of such 
processes by Drawings of the most modern forms of 
apparatus and plant. 

As an illustration of this the Authors would ^efer 
to the Chapter on the Soda and Glass Manufactures in- 
Part I., and to the Metallurgy of Iron in Part II. 
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PREFACE 


At the end of the volume will be found short 
Chapters on the Classification of the Elements; on 
Spectrum Analysis, so far as the detection of terrestrial 
matter is concerned. 

January y 1878 . 


PREFACE TO THE THIRD EDITION 

During the nineteen years which have elapsed since 
the publication of the first Edition of this volume of 
the Treatise much important work on the chemistry 
of the Metals and their Compounds has been done. 
So much indeed that a completely New Edition has 
been prepared, in which the Metallic Elements and their 
Compounds have been rearranged and all new matter of 
importance added. 1 again have to thank my friends 
Drs. Colman and Harden for the valuable help which 
they have given me in this as in the last volume. 

H. E. ROSCOE. 


Sept ember f 1897 . 



PREFACE TO THE FOURTH EDITION 

Much new and important matter with rej];ard to the 
Metals and their Compounds has come to light in the 
ten years since the last edition of this work appeared, 
and in the present volume care has been taken to 
include all the more important points connected with 
the recent discoveries. The subject of crystallography, 
which formerly appeared in the first volume, has now 
been included in the second, and here I must express 
my thanks to Professor Miers for permitting the use 
of the illustrations from his own work and for reading 
the proof of this chapter. Several contributors have 
assisted in the work of revision; amongst them I must 
mention Mr. C. 0. Bannister, who has written upon 
Metallurgy and Alloys, Mr. Harry Baker, Dr. Colman, 
Dr. Marshall Watts, and Mr. Young, ’who have all 
assisted in various departments. 

H. E. ROSCOE. 

September, 1907. 



PREFACE TO THE FIFTH EDITION 


In preparinji; the fifth edition of the metals T have 
to thank several friends for assistance. By their 
contributions the subject has been brought up to date. 

Whilst the j^eneral character of the work is preserved, 
several important alterations and additions will be 
found in this volume. Thus Dr. J. C. Philip has revised 
and improved the introductory and physical portions, 
whilst by his reading the whole of the final proofs 
accuracy has been maintained throughout. Mr. T. V. 
Barker has rearranged the chapter on crystallography 
and has inserted the recent work done in that subject. 
Dr. Makower has succeeded in placing in clear light the 
results of the new and important researches in the wide 
field of radioactivity. 

Mr. Bannister, who once more has undertaken the 
metallurgical portion, Dr. Spencer (Rare Earths), Mr. 
Baker (Alkali ' Manufacture), Drs. Keane and Mollwo 
Perkin (Metallic Compounds) have ably assisted me in 
their several departments. 

It is to be noted that unless a specific statement to 
the contrary is made all atomic weights are referred to 


0 - 16 . 


H. E. ROSCOE. 


Jvly, 1913 . 



PREFACE TO THE SIXTH EDITION 


In the ten years which have elapsed since the publi- 
cation of the fifth edition of this book much new 
knowledge has been obtained of the chemistry of the 
metals and of their compotmds. An endeavour has 
been made to incorporate the most important of this 
new material in the present edition while bringing the 
rest of the volume up to date. Great advances have 
been juade in our fundamental ideas of atomic and 
molecular structure, of valency and of chemical affinity 
and in the interpretation of the Periodic Law. This 
has been largely a result of the rapid development of 
the science of radioactivity and the “ new physics ” 
and of the introduction of two new methods of in- 
vestigation — positive ray analysis and X-ray spectro- 
scopy. So rapid has been this advance, and so much 
new data is being acquired daily, that in a work of this 
kind, devoted mainly to a systematic account of the 
metals and their compounds, anything like a complete 
account of the new theories would be out of place. 
Only the outstanding results of the “ new chemistry ” 
have therefore been referred to, while the general style 
and character of the book have ‘been maintained. 

The introductory chapter on valency, the classification 
of the elements, atdmic members, isotopes, atomic 
structure and spectrum analysis, has been revised by 
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PREFACE 


Mr. L. J. Hudleston, and Mr. T. V. Barker has again 
dealt with the section on crystallography. Groups I. 
and 11. have been brought up to date by Professor < 
H. V. A. Briscoe; Alkali Manufacture by Professor 
J. R. Partington ; Groups III. and V. by Dr. H. F. V. 
Little; The Rare Earths and the Titanium group by 
Professor J. F. Spencer; Group VI. by Mr. A. A. 
Eldridge ; the Germanium group and Manganese by Mr. 

C. R. Bury; Group VI II. by Dr. 0. R. Howell; while 
Professor G. 0. Bannister has once more revised the 
metallurgical portions and Dr. Makower the section on 
the Radioactive elements. 

P'or the purpose only of convenience in handling and 
binding, the book has been divided into two parts, the 
pagination being continuous. 

B. MOHAT JONES. 


April, 1923. 
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CHEMISTRY 


THE METALS 

1 The metals gold, silver, copper, iron, tin, and lead were 
known to the ancients. We find them mentioned in the writings 
of the Old Testament, as well as in those of the early Greek 
authors. The name of mercury is first found in the writings of 
Theophrastus, but the existence of most of the remaining metals 
became known only in comparatively recent times. Antimony 
appears to have been obtained in very early times, although the 
reputed Basil Valentine describes its preparation as a novelty, 
but neither zinc nor bismuth became generally known until the 
sixteenth century. 

An historical notice of each metal will be found under its 
own heading. We have here simply to consider the progress 
of our knowledge concerning the properties of the metals as a 
class. 

2 The Latin writer who adopted the name of Geber (Vol. L, 
p. G) is the first author in whose writings we find a distinct 
definition of the word metal : Metallum est corpus miscibile, 
fusibile, et sub malleo ex omni dimensione extendibile.” 
According to this definition, mercury, which had been looked 
upon as metallic by the Greek alchemists, is not included 
amongst the metals. Geber likewise distinguished gold and 
silver as the noble metals, because they did not undergo any 
change in the furnace, whereas the others were termed base 
metals. This definition was accepte^^ throughout the whole of 
the middle ages, so that when the ‘brittle metals antimony, 
bismuth, and zinc came to be well known, they were classed as 
bastard or semi-metals. Thus, for instance, Paracelsus says : 
‘‘ Zinc, which is a metal and yet no metal, and bismuth and the 
like being partly malleable .... are bastards of the metals.” 
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THE METALS. 


Opinion was divided respecting the position of mercury, until 
its solidification by extreme cold, and its malleability in this 
condition, had been observed in 1759. From this time forward 
it was universally admitted to be a metal. 

The brilliant experiments and reasoning of Lavoisier towards 
the close of the eighteenth century finally established the 
elementary nature of the metals, which hitherto had been 
looked upon by the followers of Stahl as compounded of a calx 
united with phlogiston (Vol. I., p. 14). In Lavoisier’s classifi- 
cation of substances, drawn up in 1787, the metals are grouped 
together as one of the five classes into which he divided the 
elements, the distinction between metals and semi-metals being 
abandoned. 

The decomposition of the alkalis by Davy in 1807 made 
chemists acquainted with substances of an entirely new charac- 
ter. Although the bases of soda and potash agreed “ with 
metals in opacity, lustre, malleability, conductive powers as to 
heat and electricity, and in their qualities of chemical com- 
bination,” ^ and were classed by Davy himself with the metals, 
yet, inasmuch as they were lighter than water, they were not 
considered by many chemists to be metals proper. In 1808 
Erman and Simon attempted ^ to revive the old distinction 
between true metals and substances resembling metals by pro- 
posing for the new substances the name of metalloids [^haWov 
a metal, eZSo? similar). This proposal, however, was not gene- 
rally accepted, and the elements were from this period classed 
in two groups, the non-metals and the metals, the newly coined 
term, metalloid, being applied, or rather perhaps misapplied, by 
Berzelius in 1811 to designate the former of the two classes, in 
which sense it is still sometimes employed. It soon became 
evident that the separation of the elements into these two 
groups was not a logical one, since no satisfactory basis of classi- 
fication could be obtained. With the discovery of the alkali 
metals a high specific gravity had ceased to be characteristic, 
and the property of metallic lustre soon shared its fate. Thus 
tellurium, discovered in 1782, was grouped with the metals 
because of its lustre and specific gravity. Its close chemical 
analogy with sulphur, however, which was pointed out by 
Berzefius in 1832, clearly indicated that these two elements 
belonged to the same class. 

^ Davy, Phil, Trans., 1808, 98> 31. 

* Gilbert's Annalen, 1808, 2B, 347. 
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In the same way, every property supposed to be characteristic 
of a metal has been found to be shared by some one or other 
non-metallic substance, or to be absent from some otherwise 
well-characterised metal. Thus opacity, and the power of 
conducting electricity well, were long deemed essential proper- 
ties of a metal; but we now know that, in very thin layers, 
metals such as gold and silver are transparent, whilst several 
non-metals, such as graphite, and selenium, in one of its 
modifications, conduct electricity like metals. 

3 The relations of the so-called non-metals to the metals are 
well seen when the elements are arranged according to the 
periodic system (p. 60), which has now superseded the old 
classification. Thus the elements of the nitrogen group exhibit 
in a striking manner the gradual transition from a distinctly 
non-metallic to a distinctly metallic element. Nitrogen itself is 
undoubtedly a non-metallic body, whilst phosphorus in certain 
of its allotropic modifications approaches the metals, one of 
these modifications, indeed, being termed metallic phosphorus. 
Arsenic, the third member of the nitrogen family of elements, 
was formerly classed as a semi-metal. At a later period it was 
considered to be a metal proper, and even now some chemists 
rank it amongst the metals, whilst others, looking to its striking 
similarity with phosphorus, place it amongst the non-metals. 
Antimony and bismuth are elements which belong to this same 
group, and these substances are always considered to be metals 
from their close analogy to other distinctly metallic sub- 
stances. It will be noticed that the members of this group 
of elements approach more and more closely to a true metal as 
the atomic weight increases. The same peculiarity is observed 
ill other groups. The elements titanium and zirconium arc, 
on the one hand, closely connected with the non-metal silicon, 
whilst, on the other, they exhibit the most marked analogies 
with tin, and are classed accordingly amongst the metals. We 
must, however, be careful not to draw the conclusion that the 
elements which possess the highest atomic weights are neces- 
sarily metals, and those which possess the lowest are non- 
metals. Lithium, which after hydi!\jgen and helium possesses 
the smallest atomic weight, is a well characterised metal, and 
hydrogen itself exhibits in its chemical relations far more 
analogy with the metals than with the non-metals ; wh ist, on 
the other hand, xenon, with the atomic weight 130, sho\rs none 
of the characteristics of a metal. 
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THE METALS. 


Although the division into metals and non-metals is thus 
seen to be one which does not admit of exact definition, it is 
none the less true that the metals as a class do possess certain 
generic properties which most of the non-metals either do not 
possess at all, or exhibit only in a very slight degree. Amongst 
these properties that of metallic lustre may especially be men- 
tioned. This property is characteristic of all metals, and if it is 
not noticeable when the metals are in a state of fine ai vision, 
in which case they frequently appear in the form of black 
powders, it can readily be observed when the powder is rubbed 
with a hard body. 

Another generic difference which may be noticed is that 
whilst the characteristic oxides of the non-metals belong to 
the class of acid-forming oxides, those of the metals are basic 
in character, only the higher oxides of certain of the metals, as 
a rule, being capable of forming acids. 


DETERMINATION OF THE ATOMIC WEIGHTS 
OF THE METALS. 

4 Although by the year 1819 chemists were in possession of 
the three principles, laid down respectively by Avogadro, 
Dulong and Petit, and Mitscherlich, by which they are now 
guided in the selection of the atomic weights of the elements, 
yet nearly half a century was to elapse before the establish- 
ment of a consistent and generally accepted method of applying 
these principles. 

Avogadro’s theory (Vol. I., p. 75), proposed in 1811, a few years 
only after the introduction of the idea of combination between 
atoms of characteristic weights, rendered necessary a division of 
the particles even of elementary substances. The chemists of 
the period were not, however, prepared to admit the validity of 
these views, and hence they endeavoured to obtain some other 
foundation upon which to erect a system of atomic weights. 
Berzelius (1818) found this in the assumption of the identity 
of volume and atom in the case of the elementary gases, ascrib- 
ing to water the formula HgO, and to oxygen the relative 
atomic weight 16. In deciding upon the atomic weights of the 
otLer elements, especially the metah, Berzelius was forced,^ 
like Dulton, to have recourse to purely arbitrary assumptions. 

^ Easai 8ur la theorie des proportions chimiqiies, c/c.. Paris, 1819. 
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When the important discoveries of Dulong and Petit, and 
Mitscherlich (Vol. I., p. 42), were made, Berzelius at once saw 
the simplification which would be effected by the adoption of 
the theories of these chemists, and in his next table of atomic 
weights he introduced them consistently, thus arriving at 
numbers which, with a few exceptions, differ from the modern 
ones only by small amounts due to the errors of the analytical 
processes then employed. The chief of these exceptions, 
potassium, sodium, and silver, were due to the close chemical 
analogy between the strongly basic oxides of these metals and 
those of calcium, zinc, etc. ; this led Berzelius, in spite of the 
known specific heat of silver, to formulate them all on the same 
type RO, the atomic weights assigned to the three metals being 
therefore twice as great as those now employed. 

Dumas, on the other hand, at first based his system of atomic 
weights on Avogadro’s theory, but was seduced from his 
allegiance to this by a false application of it, which had, 
liowevcr, received the countenance of Avogadro himself. 
Because the molecules of hydrogen, nitrogen, oxygen, and 
chlorine wore each supposed, according to this theory, to be 
made up of two atoms, Dumas concluded that the same should 
be true of the molecules of the vapour of any elementary 
substance whatever. On this basis he calculated the vapour 
density of sulphur, but found that the experimental density 
was three times as great as the theoretical. A somewhat 
similar inconsistency was observed in the case of phosphorus, 
and Dumas was thus led to abandon Avogadro’s theory, whilst 
Jku'zelius was induced by the same experiments to modify his 
theory of the identity of volume and atom in the case of simple 
substances, and to confine it to the simple permanent gases. 

The discovery of dimorphism in 1823 had rendered the 
application of Mitscherlich’s theory of isomorphism to the 
selection of atomic weights somewhat uncertain, so that at 
this time, about 1830, doubts were cast on the possibility of 
obtaining any satisfactory method of ascertaining the relative 
weights of the atoms, and it was proposed that chemists should 
content themselves with employing; the equivalent weights 
directly determined by analysis. 

The equivalent system had been proposed’ in England by 
Wollaston^ at a very ejirly date (1814), and had fourd very; 
general acceptance amongst his countrymen; it had, moreover, 

^ “ A Synoptic Scale of Chemical Equivalents,” Phd. Trans., 1814, 104, 1. 
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been adopted by Gmelin in Ms great Handbook of Chemistry 
(1817), and had thus come into very general use. The 
tendency to abandon the idea of the chemical atom, as distinct 
from the equivalent, was moreover strengthened by Faraday’s 
discovery (1834) that the electrolytic equivalents of the metals, 
that is the relative amounts deposited during a given time by a 
given current of electricity, are identical with their chemical 
equivalents. 

The rapid development of organic chemistry which occurred 
in the years 1830-1855 made chemists acquainted with many 
reactions, such as the formation of mixed ethers (Williamson), 
acid anhydrides (Gerhardt), and esters, the production of 
mixed salts of poly basic acids, etc., which could not easily and 
consistently be formulated on the basis of the equivalent system. 
Numerous modifications of the system were therefore introduced 
by individual investigators, until it became quite impossible to 
interpret a chemical formula without special information as to 
the sense in which the symbols were employed by the particular 
author in question. 

A most important proposal was put forward by Gerhardt, who, 
along with Laurent, had resuscitated Avogadro’s theory, and 
applied it consistently to all volatile compounds. He regarded 
all the basic oxides of the metals as derived from water by the 
replacement of the hydrogen by two atoms of the metal, the 
general formula of the oxides being KgO. Silver, potassium, and 
sodium thus received the atomic weights which are now recog- 
nised, whilst the atomic weights of metals such as lead, zinc, 
calcium, etc., had only one-half of the modern values. 

In 1858, the various conflicting systems were finally co- 
ordinated by Cannizzaro ^ in his Sketch of a Course oj Chemical 
Philosophy. In this admirable paper, wMch is one of the classics 
of chemical literature, he pointed out in detail how a complete 
and consistent system of formulae could be obtained by the recog- 
nition both of Avogadro’s theory, and the theory of atomic and 
molecular heats as founded by Dulong and Petit, Neumann, and 
Joule. In the case of metals which form compounds volatile 
without decomposition, Cannizzaro was able to show that the 

^ Sunto di un corso di filosofia chimica fatto nella Kcale University, di 
Genova del Professoro S. Cannizzaro, Nnovo Cimcnto (1858), VII. An 
English translation of this paper has been published as No. 18 of the Alembic 
Club Rejn'inU. Reference may bo made also to the Cannizzaro Memorial 
lecture, by Sir William Tilden, Jmrn. CJicm. Soc., 1912, 101, 1677. 
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atomic weight deduced from specific heat was in agreement 
with the value deduced from vapour density. The atomic 
weights suggested by Cannizzaro were gradually adopted by 
chemists as soon as they realised the simplicity and consistency 
of the system, and they are the ones still employed. One of 
the immediate results flowing from the adoption of Cannizzaro’s 
numbers was the periodic system of classification of the elements 
introduced by De Chancourtois, Newlands, Mendeleeff, and 
Lothar Meyer (see p. 46). 

5 The determination of the atomic weight of an element in- 
volves, as has already been pointed out (Vol. I., p. 77), two 
processes : — (1) The determination of the proportion by weight 
in which the element combines with other elements, or, as it is 
called, the chemical equivalent of the element; (2) the selec- 
tion of that multiple of the equivalent which represents the 
smallest amount of the element found in a molecule, and which 
is known as its atomic weight. 


I. Determination of the Equivalent. 

6 In expressing the chemical equivalents of the elements, it 
is convenient to have some one element as the standard of 
reference, and formerly hydrogen was chosen for this purpose. 
kSince, however, comparatively few of the metals form well- 
defined compounds with hydrogen, the equivalent of a metal 
referred to hydrogen had in nearly all cases to be calculated 
from an analysis of the compounds of the metal with oxygen or 
chlorine. Accordingly, it is generally agreed that oxygen 
should be taken as the standard element (Vol. I., p. 78). On 
this basis the equivalent of an element is defined as the number 
of parts by weight of the element which combine with 8 parts 
by weight of oxygen. Our knowledge of the quantitative 
relation between hydrogen and oxygen (Vol. I., p. 284) on the 
one hand, and hydrogen and chlorine (Vol. I., p. 213) on the 
other, permits an extension of the definition in the following 
terms : the equivalent of an element is the number of parts by 
weight of the element which comtifine with 1*003 parts by 
weight of hydrogen or 35*46 parts by weight of chlorine. 
Elements which combine with any of the standards in several 
different proportions have, of course, a corresponding nunibei. of 
different equivalents. 

The equivalent of an element can be most directly determined 
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by the analysis or synthesis of its oxide, a process which gives 
immediately the proportion by weight in which the element 
combines with oxygen. Thus the equivalents of nickel and 
iron have been determined by reducing a weighed amount of 
the oxide to the corresponding metal, whilst the inverse process 
of converting the metal into an oxide has been employed in 
determining the equivalents of antimony and of bismuth. In 
most cases, however, this direct process cannot be applied, and 
lecourse is then had to indirect methods of analysis or synthesis. 
Thus the chlorides of the metals cannot, as a rule, be directly 
analysed or synthesised with great quantitative accuracy ; it is 
therefore usually more convenient and accurate to bring a 
weighed amount of the chloride into reaction with a salt of 
silver, and ascertain cither the amount of silver required to 
combine with the whole of the chlorine present, or the weight 
of silver chloride produced, or both of these quantities. When 
this is known, the amount of chlorine present, and therefore the 
composition of the chloride, can be calculated, provided that the 
ratio in which silver unites with chlorine, i. e., the composition 
of silver chloride, be known. 

Stas found, for example, that 85*031 parts of sodium chloride 
required 156*862 parts of silver for the complete precipitation of 
its chlorine in the form of silver chloride. Since 107*12 parts of 
silver were found by him to be equivalent to 1 of hydrogen, and to 
combine with 35*18 of chlorine to form silver chloride, it follows 
that the amount of sodium chloride which is required to react 
wdth 107*12 parts of silver, and therefore contains 35*18 parts 

of cHorine, is = 58-OG. Hence 58-OG - 35-18 = 

1oo*odJ 

22*88 parts of sodium are equivalent to 107*12 parts of silver, 
or 1 part of hydrogen. This conclusion, if re-stated on the 
basis of the oxygen standard, would run : 23*06 parts of sodium 
are equivalent to 107*98 parts of silver or 8 parts of oxygen. 

In a similar way, the equivalent of an element may be in- 
directly ascertained by estimating the amount of any substance 
required for, or produced in, a reaction in which a weighed 
amount of the element or one of its compounds takes part. The 
equivalents of a very large number of the metals have accord- 
ingly been ascertained by the conversion of an oxide into a salt, 
of a salt into an oxide, or of one salt into another. Thus, for 
example, Erdmann and Marchand found that 100 parts cf 
calcium carbonate yield 136*05 parts of calcium sulphate. From 
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the known composition and properties of carbonic acid gas and 
sulphur trioxide, it follows that an increase of weight of 35-80 in 
this reaction corresponds with 43-67 parts of carbonic acid gas 
in the original carbonate, and, further, that this is combined with 
such a quantity of an oxide as contains 15-88 parts of oxygen. 
Hence 100 parts of calcium carbonate, which gain 36-05 in the 

reactior, contain = 43*99 parts of carbonic acid 


gas, combined with 56-01 parts of calcium oxide, and this con- 
tains ^^^80^ ^ == 16 parts of oxygen, and 40-01 of calcium. 
Hence, according to this particular experiment, the equivalent of 
calcium is ^ == 20-005. The equivalent of calcium can 


also be similarly deduced from the results obtained by the 
same chemists for the calcination of calc-spar, 13-6031 grams 
of which were found to yield 7-6175 grams of quicklime on 
ignition. 

In other cases the amount of hydrogen which is evolved when 
a weighed amount of a metal is dissolved in an acid or alkali 
(aluminium, zinc), the amount of a metal precipitated by a 
weighed amount of another metal from a solution of one of its 
salts, the amount of metal deposited by the electrolysis of a 
weighed amount of a salt (copper), the amount of an acid 
required to neutralise a weighed amount of a given base, may 
be used for the determination of the equivalent, provided that 
the necessary knowledge of the equivalents of the various other 
substances involved is available. 

In all these indirect processes, in addition to the unavoidable 
experimental error of the actual estimation, there is also the 
experimental error involved in each of the equivalents employed 
in the calculation. The investigator, therefore, in selecting 
methods for the determination of the equivalent of an element, 
will, if possible, choose such as involve substances of which the 
equivalents are known with the greatest accuracy. The experi- 
mental error of the actual estimatioti cannot be entirely removed, 
but its effect is diminished by taSjng the average result of 
a large number of experiments, and by arranging that the 
amoimt of material employed shall be sufficiently la^ge to 
make this inevitable error bear as small a ratio as possible to 
the number which is to be determined, A further precaution, 
which should always be taken when it is practicable, is to 
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determine the equivalent by as many distinct processes as 
possible, since in this way the special experimental error which 
is peculiar to each process is to some extent eliminated. 

The experimental foundation which is thus seen to be 
necessary for the construction of a system of equivalents is due 
in great part to the classical labours of Stas,^ who carried the 
processes of analytical chemistry to a degree of accuracy quite 
unknown to his predecessors, Dalton, Berzelius, and Dumas. 
Stas chose silver as the substance* which was most convenient 
for experimental purposes, and determined its equivalent on the 
one hand to oxygen, and on the other to chlorine, bromine, 
iodine, sulphur, and potassium, very great precautions being 
taken to avoid error. The equivalent of silver to chlorine, 
bromine, and iodine was determined by the direct synthesis of 
the corresponding compound. In the case of chlorine, the 
silver and the silver chloride obtained from it were weighed; 
on the other hand, the compositions of the bromide and iodide 
were determined by a series of complete syntheses, the metallic 
silver, the bromine or iodine, and the silver bromide or iodide 
being all weighed. The equivalent of silver to oxygen was ascer- 
tained by the reduction of silver chlorate, bromate, and iodate 
to the chloride, bromide, and iodide. The difference in weight 
between the oxygenated salt which was taken and the halogen 
compound which was obtained gives the ratio of oxygen to silver 
chloride, etc., and the composition of the latter having been 
ascertained as just described, the ratio of silver to oxygen can 
be calculated. In another scries of experiments designed for 
the same purpose, potassium chlorate was converted into 
potassium chloride by heat, and the ratio of potassium chloride 
to oxygen thus obtained. The amount of silver necessary to 
combine with the chlorine of a weighed amount of potassium 
chloride was then determined, and the ratio silver : potassium 
chloride : oxygen thus ascertained. A similar series of ex- 
periments was carried out with the sulphide and sulphate of 
silver. In this way, then, the equivalents of silver, chlorine, 
bromine, iodine, sulphur, and potassium, relatively to oxygen, 
were all obtained, and th-^'se were used by Stas for the deter- 
mination of the equivalents of sodium, lithium, lead, and 
nitrogen. 

The probable error in the mean equivalent of silver deduced 

^ Nouvelles recherches sur leg lois des proportions ohimiques ; sur les poida 
atomiques ct Icur rapports mutuels (Bruxelles, 1865). 
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from these five sets of experiments amounts to only 0*0034 per 
cent. More recent investigations, however, tend to show that, in 
spite of the great care exercised by Stas, certain errors were 
not avoided, and that the numbers obtained by him require 
correction. The fundamental ratios have been subjected to very 
careful revision by a number of workers, and the result has been 
that the values adopted by Stas have been altered to a slight 
extent. The most probable value, for example, of the ratio 
Ag : AgCl is now taken as 100 : 132-87, instead of 100 : 132*85, 
found by Stas. The adoption of corrected values for the 
fimdamental ratios has rendered necessary alterations in those 
atomic weights which have been calculated with the aid of the 
ratios. The changes which have been agreed on are all 
incorporated in the table of atomic weights on p. 2, and a 
summary of the work which has led to the adoption of these 
changes will be found in the Reports of the International 
Committee on Atomic Weights.^ 

The special methods adopted for the determination of the 
equivalents of the various metals will be found under their 
several headings. 

II. Selection of the Atomic Weight. 

7 The methods already described (Vol. I., p. 77) for the 
determination of the atomic weight of an element by ascer- 
taining the molecular weights of a number of its compounds 
by the vapour density method, and then finding out by 
comparison the smallest amount of the element which is ever 
present in a molecule, may be applied without alteration to such 
of the metals as form volatile compounds. Many metals, how- 
ever, form such a small number of volatile compounds that the 
determination of the atomicr weight by this method becomes 
unsatisfactory, and, of course, it cannot be applied at all to such 
of the metals as do not form volatile compounds. The mole- 
cular weights both of the metals themselves and of their com- 
pounds in solution in various solvents may in certain cases be 
ascertained either by the cryoscopic* method of Raoult, or by the 
boiling point method (Vol. I., p. 132)? 

In cases to which none of these methods *can be applied 

1 Proc, Chem, Soc., 1906, 22 , 8; 1907, 23 , 7; 1908, 24 , 5; 1909 , 26 3; 
Journ. Chem. Soc,, 1909, 96 , 2219; 1910, 97 , 1866; 1911, 99 , 1870; 1912, 
191 , 1882; 1913, 103 , 1743; 1914, 106 , 2577; 1916, 107 , 1282; 1916, 109 , 
777; 1919, 116 , 879; 1920,117,885. 
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chemists are guided by the specific heat of the metal tnd its 
compounds, its general relations with the other elements, and 
the isomorphism of its compounds. 


Molecular Weights op the Compounds of the Metals. 

8 Tlie most volatile among the compounds of the metals 
are the organo-metallic derivatives, which may be looked upon 
as compounds of the metals with the alcohol radicles. They 
are usually obtained by the action of a metal on an organic 
iodide, zinc-methyl, for example, being prepared by the action 
of zinc on methyl iodide : 

2 Zn + 2CH3I = Znlg + Zn(CH3)2. 

These compounds are usually liquids which boil at compara- 
tively low temperatures, and their vapour densities can therefore 
be determined by the ordinary methods, except that, as they 
are very readily oxidised and are usually spontaneously in- 
flammable, the determinations must be carried out in an 
atmosphere of an indifferent gas, such as nitrogen. In addition 
to these compounds of the metals wdth the alcohol radicles, the 
remarkable compounds of nickel and iron with carbonic oxide, 
and the metallic derivatives of acetylacetone, serve for the same 
purpose. Volatile organic compounds, the vapour densities of 
which have been determined, are formed by the following metals : 
Zn, Ilg, Al, Sn, Pb, Sb, Bi, Ge, Mn, Cr, Co, Mo, Fe, and Ni. 

Further, many metals form halogen compounds which 
volatilise at moderate temperatures, and the vapour density of 
which can therefore be determined. In a few cases, the vapour 
density of the metal itself has been found to be of value in 
deciding upon the atomic weight. 

The experimental methods of ascertaining the vapour density 
of substances which are volatile only at high temperatures 
differ somewhat from those ordinarily employed. The older 
determinations of Deville and Troost, Koscoe, and others were 
carried out by Dumas’s method, a bulb of porcelain, which can 
be sealed by means of the oxy-hydrogen jet, being used for 
temperatures above that at which glass softens. The great 
difficulty inherent in this process is the determination of the 
tenpcratme, which must be known with considerable accuracy. 
This "^as determined either calorimetrically, by the aid of a 
weighed mass of platinum, or by the use of a second similar 
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bulb containing iodine or mercury, the temperature being cal- 
culated from the amount of vapour left in this second bulb 
under the conditions of the experiment. This process has now 
been superseded by that of Victor Meyer, which was originally 
introduced for this purpose, and presents the great advantage 
that a knowledge of the temperature of the experiment is not 
involved in the calculation of the results. An apparatus con- 
structed of, or lined with, porcelain, platinum, or indium, is 
employed, and is heated to the requisite temperature either by 
the vapour of some substance of high boiling point, or by a 
‘ gas- or electric-furnace. It is of course essential that the 
temperature of the apparatus be maintained constant through- 
out the duration of the experiment. The air in the apparatus 
is usually displaced by nitrogen, to prevent the oxidation which 
would otherwise occur in many cases at the high temperature 
employed. A modification of Victor Meyer’s method, suitable 
for temperatures about 2000®, and involving the use of very 
small quantities of material, has been devised by Nernst.^ 

The interpretation of the experimental results is often 
rendered difficult by the complete or partial dissociation of the 
compound, either into two similar or two dissimilar molecules. 
The occurrence of this is rendered evident by the fact that the 
vapour density varies with the temperature at which it is deter- 
mined. Several cases of this kind are discussed in connection 
with the subject of valency. 

Atomic Heat. 

9 The specific heat of a body is the ratio of the quantity 
of heat required to raise the temperature of the body 1° to the 
quantity required to raise that of an equal weight of water 1® 
(Maxwell). The amount of heat needed to raise a kilogram of 
water through 100® is thirty-one times as large as that required 
to raise the same weight of platinum through the same interval 
of temperature, or, in other words, the amount of heat which 
raises one kilogram of water through 100® will raise thiity-one 
kilograms of platinum over the same,i;gnge; hence the specific 
heat of platinum is said to be .j\ = 0*032. The specific heat 
of the same substance varies considerably under different 
physical conditions and according as the substance ,is ^oh'd, 
liquid, or gaseous. 


^ ZeiL Elektrochem., 1903, 9, 622. 
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A careful determination of the specific heat of thirteen of 
the solid elements by Dulong and Petit in the year 1819^ 
showed that a simple relation existed between the chemical 
equivalent and the specific heat of these substances. When the 
numbers representing these two quantities for each element 
were multiplied together, the products were found either to 
be equal, or to stand in a very simple ratio. By a supposition 
analogous to that made by Avogadro with respect to the 
combination of gases by volume, Dulong and Petit concluded 
that the specific heat of the metals varied inversely as the 
atomic weight, and proposed to adopt as the relative atomic 
weights of the metals those numbers which, multiplied by the 
specific heat, gave a constant product. Having thus modified 
the atomic weights which were current at that time, the 
French experimentalists formulated the proposition that the 
atom of different elements possess the same capacity for hecU^ or 
all the elements ham the same atomic heat. Although chemists 
at the time acknowledged the importance of this generalisation, 
they did not regard it as established beyond doubt, inasmuch 
as the alterations in the atomic weights introduced by Dulong 
and Petit, although admissible in some cases, led in other 
respects to very improbable conclusions. Moreover, a few of 
the elements investigated by the French chemists were very 
impure, so that the specific heats which they obtained were 
inexact. Berzelius very properly insisted that further investiga- 
tion was necessary, and added,^ “ If we attempt to apply this 
idea to compoimd bodies, and if the result of such an examina- 
tion confirms the views of Dulong and Petit, this discovery will 
rank as one of the most important parts of theoretical chemistry.” 

The next step in the direction thus indicated by Berzelius 
was made by F. Neumann,^ who showed that equivalent 
quantities of similarly constituted compounds require equal 
quantities of heat to raise their temperature by the same 
amoimt, and that this equality is independent of difference in 
crystalline form ; thus calc-spar and aragonite possess the same 
specific heat. Neumann, hosvever, did not connect this discovery 
of the relation between the specific heats of the compounds 
with that of Dulong and Petit respecting the specific heats of the 
elements. Only by degrees, and in the hands of numerous 

^ Ann, Chim. Phya., 1819, 10, 395, 

2 BerzoUus's Jahresh., 1822, 1, 19. 

® Pogg, Ann., 1831, 23, 1. 
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observers, was this connection established. The researches 
which have mainly contributed to the development of the subject 
are those of Hermann, 1834, Kegnault, 1840, De la Eive and 
Marcet, 1840, Joule, 1844, Woestyn, 1845, Gamier, 1852, Can- 
nizzaro, 1858, H. Kopp, 1864^ (whose memoir contains an 
liistorical introduction to the whole subject), Tilden,' 1900, 
Dewar, 1905, Nernst and Lindemann, 1910. 

It is especially to the researches of Kegnault and Kopp that 
we are indebted for the corroboration of the results of the earlier 
experiments proving that the rule of Dulong and Petit is 
applicable with a very considerable degree of accuracy to about 
forty of the elementary bodies, when the mean specific heats 
of the solid elements between 0° and 100^^ are employed. We 
may, therefore, regard those weights of the elements as their 
atomic weights which, when multiplied into the specific heats 
of the elements, give a constant number. This number repre- 
sents the capacity of the atom for heat, or the atomic heat 
of the element, and its value for most of the elements lies 
near G-3. This is clearly seen if we multiply the specific heats 
of a few metals by their corresponding atomic weights, for 
examj)le : — 


Lead . 

Specific 

heat. 

0-0310 

X 

Atomic 

weight. 

207-2 

Atomic 

heat. 

= 6-4 

Platinum . 

. 0-0323 

X 

195-2 

6-3 

Silver . 

. 0-0562 

X 

107-88 

6-1 

Tin . . 

. 0-0551 

X 

118-7 

= 6-5 

Zinc . 

. 0-0935 

X 

65-37 

- 6-1 


This relationship may therefore be employed for the purpose 
of controlling the determinations of atomic weight in doubtful 
cases. Amongst those elements which conform to the theory 
are in the first place the metals, and then certain non-metals, 
such as bromine, iodine, selenium, tellurium, and arsenic. 

The following table shows within what limits the atomic heat 
of the different elements varies. Tl\p first column contains the 
names of the elements, the second theii; mean specific heats for 
the range of temperature given in the third, the fourth the 
atomic weight, the fifth the product of the atomic weight into 
the specific heat, and the sixth the names of the observers . — . 

^ Annalen, 1864, Suppl. 3> 1. 
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I. 

II. 

HI. 

IV. 

y . 

VI. 

Lithium . 

0-9408 

27 ^^ 

to 

or 

6-94 

6-5 

Regnault. 

Sodium . 

0 2934 

- 28 

»> 

6 

23-00 

6-7 

>f 

Magnesium . 

0 2400 

18 


99 

24-3 

6-0 

Voigt. 

Aluminium . 

0-2189 

15 


185 

27-1 

6-9 

Tilden. 

riiosphorus . 

0 202 

13 

>» 

30 

31-0 

6-3 

Kopp. 

Sulphur . 

0 1844 

15 

»» 

97 

32-1 

6-9 

Kognault. 

Potassium . 

0 1602 

- 78 5 


23 

39-1 

6-6 

Schuz. 

Calcium . 

0 149 

0 


100 

40-1 

60 

Bernini. 

'ritanium 

0 1125 

0 


loo 

48-1 

5-4 

Nilson and Petterason. 

Vanadium . 

0-1153 

0 


100 

51-0 

69 

Machc. 

Chromium . 

0 1208 

0 


100 

52 0 

63 

» 

Manganese . 

0 1217 

14 

»» 

97 

54-9 

67 

Regnault. 

Iron . 

0-1102 

23 

•> 

loo 

55-8 

C -5 

Trowbridge. 

Cobalt 

0 1030 

15 


100 

59 0 

6 1 

Tdden. 

Nickel 

0 1084 

15 


100 

58 7 

6-4 


Copper . 

0 0930 

20 


100 

63-6 

6-0 

Schmitz. 

Zinc . 

0 0935 

0 


100 

65-4 

6-1 

Bunsen. 

Callium . 

0 079 

12 


23 

70-1 

56 

Bcrthelot. 

Germanium . 

0 0737 

0 


100 

72 5 

5-3 

Nilson and Pettersson. 

Arsenic . . 

0 0830 

21 

>» 

68 

75 0 

6-2 

Bettendorf & Wullner. 

Selenium 

0 0840 

22 


62 

79 2 

6-7 

»» ft 

Bromme . 

0-0843 

- 78 

»♦ 

-20 

79 9 

67 

Regnault. 

Zirconium , 

0 0600 

0 

>» 

loo 

90 6 

60 

Mi.xter and Dana, 

Molybdenum 

0 0647 

20 


100 

96 0 

0-2 

Stucker. 

Huthcmuin . 

0 0611 

0 


100 

101-7 

62 

Bunsen. 

llhodium 

0 0580 

10 

,, 

97 

102 9 

6-0 

Regnault, 

Palladium 

0 0593 

10 

»» 

100 

106-7 

63 

ft 

Silver 

0 0502 

15 

if 

100 

107 9 

6 1 

Bartoli and Stracciati. 

Cadmium 

0 0548 

0 

ft 

100 

112-4 

6-2 

Bunsen. 

Indium . 

0 0569 

0 

ff 

100 

114-8 

6 5 

ft 

Tin . . . 

0 0551 

20 

ff 

109 

118-7 

65 

Sprmg. 

Antimony 

1 0 0495 

0 

,, 

100 

120 2 

59 

Bunsen. 

Tellurium 

0 0483 

~ 15 


100 

127-5 

6 2 

Tilden. 

Iodine 

0 0541 

9 

ft 

98 

126 9 

6 9 

Regnault. 

(’iCsium . 

0 048 

0 

ft 

26 

132-8 

6-4 

Erkardt and Giacfe. 

Lanthanum . 

0 0448 

0 

ft 

100 

139 0 

6-2 

llillebrand. 

Cerium . 

0 0148 i 

0 

,, 

100 

140-2 

63 

99 

Tantalum 

0 0363 

16 

ft 

100 

181-5 

66 

von Bolton. 

Tungsten 

0 0336 

0 

ft 

100 

184-0 

6-2 

Mache. 

Osmium . 

0 0311 

19 

ff 

98 

190 9 

69 

Regnault. 

Indium . 

0 0323 

18 

ft 

100 

193 1 

6-2 

Behn. 

Platinum 

0 0323 

0 

ft 

100 

195-2 

6-3 

Bunsen. 

(iold . 

0 0316 

0 

*r 

100 

197-2 

6-2 

Violle. 

Mercury . 

0 0319 

- 78 

ft 

-40 

200-6 

6-4 

Regnault. 

Thallium 

0 0326 

20 

ft 

100 

204-0 

6-6 

Schmitz. 

Lead . . . 

0 0310 

18 

ft 

100 

207 2 

64 

Behn. 

Bismuth . 

0 0304 

17 

ft 

99 

208 0 

6-3 

Voigt. 

Thorium 

0 0276 

(' 

ft 

100 

232 2 

64 

Nilson. 

Uranium 

0 0280 

0 

ft 

98 

238-2 

6-7 

Blumcke. 


10 The following elements, the atomic heats of which arc 
less tnan 6 , have been omitted from the foregoing table : — 
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I. 

II. 

111. 

IV. 

V. 

VI. 

Clucinum 

0 4240 

0° 

to 

100^ 

9-1 

3 9 

Nilson and Pettersson. 

Boron . . 

0-3060 

0 


100 

10 9 

3-4 

Moissan and Cautier. 

Diamond 

0-1401 

0 


99 8 

12 0 

1 8 

Weber. 

(Iraphite 

0-1904 

0 

»» 

99 

12 0 

2 3 

9f 

Wood charcoal 

0-1935 

0 


99 

12-0 

23 

99 

(Jas carbon . 

0-2040 

24 

»» 

08 

12 0 

24 

Bettendorf & Wullner. 

Silicon 

0-1730 

14 

,, 

97 

28 3 

49 

Regnault. 


Tliesc elements therefore possess at temperatures between 0° 
and 100° smaller atomic heats than correspond to Dulong and 
Petit’s rule. Weber/ however, showed that the specific heats 
of carbon, boron, and silicon increase rapidly with the tempera- 
ture, and that at high temperatures their atomic heats become 
nearly constant and aj^proximate to the mean value obtained 
for other elements. Thus diamond has a specific heat of 0*1128 
at 10*7°, 0-2218 at 140°, 0*4408 at 606*7°, and 0*4589 at 985°, 
at which temperature it has an atomic heat of 5*51. Graphite 
with an atomic heat of 1*37 at — 50*3°, reaches the value of 
5*60 at 980°. 

Similar results were obtained in the case of silicon. The 
specific heat of this element increases from 0*1360 at — 39*8° 
to 0*2029 at 232°, above which it appears to remain constant, 
tlie atomic heat then being 5*7. Boron also exhibits the same 
plienomenon, the specific heat increasing from 0*1965 at — 39*6° 
to 0*3663 at 233°, and probably becoming constant at 500-600°. 

Humpidge^ showed that glucinum exhibited a similar be- 
haviour, the atomic heat reaching the nearly constant value 
of 5*65 at 500°. 

Weber further showed that the allotropic modifications of a 
substance at low temperatures possess different specific heats, 
but that this difference diminishes as the temperature rises, 
and at last altogether disappears. For example, Regnault 
concluded from his experiments that the specific heat of amor- 
phous carbon was different from that of the two other modifica- 
tions. Weber has, however, distinctly shown that this is not 
the case, but that carbon exists in only two thermal modifications, 
(1) opaque, (2) transparent. These thermal differences occur 

1 On the Specific Heat of the Elements Carbov, Boron, and Silicon (Stuttgait, 
1874). 

* Proc. Boy. Soc., 1885, 88, 188; 1886, 39, 1. 
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only at low temperatures, and when a high temperature is reached 
no variation is observed. 

1 1 From the table (p. 18) we see that the atomic heats of the 
elements differ from one another considerably, even within 
the limits of temperature at which these values have been 
obtained. Thus, for instance, whilst the value for the majority 
lies between 6*1 and 6*6, in others the number sinks so low as 
6*3, and in the case of iodine exceeds 6*7. These differences 
may perhaps in some instances be explained by the fact that 
the substances under investigation were impure. It must also 
be remembered that the specific heat of most substances varied 
with the temperature, and the researches of Pionchon,^ Behn,^ 
Tilden,® and others,^ have shown that this variation, even for 
the metals, is often very considerable. This is well seen in 
the following table, in which the true specific and atomic heats 
of a number of metals are given for a series of temperatures : — ^ 


Absolute 

temperature 

Alum t Ilium 

Nickel. 

Silver. 

Tellurium. 


SfM'ClllC 

Atomic 

Specific 

Atomic 

S])ecific 

Atomic 

Specific 

Atomic 


iieat. 

heat. 

heat. 

heat. 

heat 

heat. 

heat. 

heat. 

o 

8 

0 1220 

3 32 

0 0575 

3-37 

0-0407 

5 04 

0 0402 

5 89 

200 

0 1731 

4 09 

0 0878 

5 15 

0 0528 

5-70 

0 0471 

6 00 

300 

0-2053 

5 56 

0-1054 

6-18 

0 0558 

6-02 

0-0480 

6 12 

400 

0-2254 

611 

0 1168 

6 86 

0 0572 

6-17 

0 0489 

6 23 

600 

0 2384 

6 46 

0 1233 

7-24 

0 0681 

6 27 

0-0498 

6 35 

000 

0-2471 

0 70 

0 1275 

7-48 

0 0587 

6 33 

0-0507 

6 46 

700 

0-2531 

0 86 

0 1301 

7 03 

0-0590 

6 37 

0 0516 

6 58 

800 

— 


0 1321 

7 75 

— 




900 

— 

— 

0 1338 

7 85 

— 

— 




In general the differences between the atomic heats of the 
elements become more marked the lower the temperature at 
which the specific heats are determined. Indeed Dewar has 
shown that at 50° Abs. the atomic heat is a periodic function of 
the atomic weight. As the result of numerous experiments at 
very low temperatures, particularly those of Nernst and his 
collaborators, it is established that as the temperature decreases 

^ Compt. rend., 1880, 102, 1122. 

2 Ann. Physik, 1901, [4], 1, 257. 

3 Phil. Trans., 1900, 194, *13; 1903, 201, 38; 1904, 203, 143. 

* Wigand, Ann. Phyaik, 1907, 22, 99; Magnus, xhid., 1910, 31, 597; 
Richards and Jackson, Zeit. physikal. Chem., 1910, 70, 414; Schimpff, tbtd., 
im\ 71, 267. 

^ Tilden, Journ. Chem. 8oc., 1905, 87, 656. Here, as in other tables of this 
section, the values of the atomic heat have been recalculated on the ba^s of 
the revised figures for the atomic weights of the elements. 
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the specific heats of all elements fall, at first rapidly, then more 
slowly, tending to vanish at the absolute zero. The following 
table illustrates this for a few of the elements : — 


Sliver. 


Lead. 


Copper. 


Aluminium. 


Diamond. 

Ab«?. 

Atomic 


Abs. 

Atomic 


Abs 

Atomic 


Ah'?. 

Atomic 


Abs 

Atomic 

temp 

heat. 


temp. 

heat. 


temp 

heat. 


temp. 

heat. 


temp 

heat. 

173" 

6 40 


198'^ 

0-27 


173" 

4 98 


173° 

4 54 


202" 

1 14 

80 

4-40 


123 

5 89 


88 

3 38 


88 

2 02 


222 

0 70 

00 

3 00 


03 

5 05 


33 

0*54 


83 

2 41 


205 

0 02 

45 

2-47 


37 

4-40 


28 

0-32 


35 

0-33 


88 

0 03 

35 

158 


23 

2 90 


24 

0-22 


32 

0 25 


30 

0 00 


The original statement of Dulong and Petit as to the identity 
of the atomic heats of the elements can therefore be regarded 
as only a rough approximation, applicable mainly to the metals 
between 0"^ and 100'^.^ 

Wo must bear in mind that when we speak of specific heat, 
we really refer to a complex quantity, comprising not only 
the heat which actually goes to laise the temperature of the 
heated body, but also that which is expended in performing 
external or internal work, such as expansion, or diminution of 
the cohesion of the particular body. This last amount of heat 
is different for different substances, whilst the first amount is 
theoretically the same for a molecule of any substance. 

The above generalisation does not apply to liquid or gaseous 
elements with the single exception of mercury, which possesses 
almost the same atomic heat in the liquid as in the solid state. 

The most important evidence for the applicability of Dulong 
and Petit’s rule is the fact that the results deduced from it 
agree with those deduced from Avogadro’s theory for those 
metals which form volatile compounds, and with which, there- 
fore, such a comparison can be instituted. 

A theoretical basis for the rule has been developed by Einstein,- 
Nernst and Lindemann,^ and Debye.^ 

^ Comparo Lewis, J. Amcr, Chem. Soc , 1907, 29, 1105, Nomst, Zett. 
hM'hochcm , 1911. 17, 205. 

2 Ann. Physd\ 1907, [4], 22, 180; 1911, 35, 059. 

2 Ann. Phjsikt 1911, [4J, 36, 395; Sitzungsha. K. Akml. Berlin, 

1911, 494. 

* Jww. Phystk, 1912, [4], 39, 789. Sec also W, C. MoC. Lewis, Qua.iium 
Theory (Longmans), Chap. Ill, for a general theoretical treatment of atomic 
heats. 
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Molecular Heat of Compounds. 

12 The law that the molecular heat of a compound is equal 
to the sum of the atomic heats of its elements, or that the 
atomic heat of an element does not undergo change when that 
element enters into combination, was first laid down by Joule, ^ 
but its experimental verification is chiefly due to Kopp. The 
following examples will illustrate this : — 

Molecular heat. 




Specific 

heat. 

Found. 

Calculated. 

Potassium bromide 

KBr 

0-1070 

12-7 

13-2 

Mercuric iodide . 

Wgla 

0-0423 

19-2 

20-2 

Lead iodide . 

Pbla 

0-0427 

19-7 

20-2 

Lead bromide . 

rbBfa 

0-0533 

19-G 

19-8 


This agreement, moreover, is maintained at varying tem- 
peratures, so that the specific heat of each of the elements in a 
compound varies with the temperature in the same way as it 
does when the element itself is heated. This is shown in the 
following table for nickel telluride, NiTe, the calculated figures 
being obtained by adding together the atomic heats of nickel 
and tellurium given on p. 20.‘^ 

Mdit'cular licat. 

Absolute temperature. Observed. Calculated. 

100" 8-M 9-26 

200 . . . . 11-13 11-15 

300 . 12-50 12-30 

400 13-01 13-08 

500 13-24 13-59 

600 . ... 13-37 13-94 

700 13-45 14-21 

Hence if the atomic heat of a solid clement has not been 
determined, it may be calculated from the molecular heat of its 
compounds with other elements the atomic heats of which are 
known. In this way the atomic heats of rubidium, strontium, 
barium, and titanium have been determined at various times, 
and the values so found agree with the rule which comprises 
all the other metals. 

Kopp has shown also that the elements which are gases at 

’ Phil Mag,, 1844, [3], 25, 334. 

* Tilden, Joum, CUem. Soc,, 1905, 87 , 567. 
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the ordinary temperature possess a constant atomic heat in 
their various solid compounds. On this basis the atomic heat 
of chlorine has been found to be 5-9, that of nitrogen 5-3, of 
fluorine 5-0, of oxygen 4-0, and of hydrogen 2-3. The following 
examples illustrate this point : — 

Molecular heat. 


Silver chloride 

AgCl 

Specific 

heat. 

0-089 

Found. 

12-7 

Calculated. 

12-0 

Zinc chloride . . 

ZnClg 

0-136 

18-5 

17-9 

Potassium platini- 
chloride .... 

K^PtCIe 

0-118 

57-4 

54-7 

Ice 

n^o 

0-478 

8-6 

8-6 

Mercuric oxide . 

IlgO 

0-048 

10-4 

10-4 

Calcium carbonate . 

CaCOa 

0-206 

20-6 

20-7 

Potassium sulphate . 

K2SO4 

0-196 

34-2 

34-9 

Ilexachloreothanc . 

CaCl« 

0-177 

41-9 

39-2 


Kopp has moreover proved that the elements boron, silicon, 
and carbon possess, in combination, the same atomic heat as in 
the free state, at temperatures below 100®. This renders it 
probable that, if we could obtain the specific heat of oxygen 
and hydrogen compounds at a high temperature, the atomic 
heats of these elements would exhibit the same sort of alteration 
which has been proved to occur in the case of carbon, silicon, 
and boron. 

In the case of oxygen such a change has actually been 
deduced from experiments on the specific heats of the metallic 
oxides by Tilden, who has calculated from the temperature 
variation of the specific heat of alumina, Al^Og, that the atomic 
heat of combined oxygen is 1-9 at 100® Abs., 3-3 at 300®, 3-8 
at 500®, and 4-0 at 700®. These results lead to the value 3 for 
the atomic heat of combined oxygen at about 0® C., and hence 
it follows, since the specific heat of ice between — 78° and 0® 
is 0‘47, that the atomic heat of combined hydrogen is 2*7. 
These numbers differ somewhat from those of Kopp given 
above. 

13 Taking into consideration the results thus deduced from 
the molecular heats of compounds, it appears that the elements 
which possess an exceptionally small atomic heat at tenipeia- 
tures below 100® have low atomic weights and, with the exception 
of glucinum, are non-metals (see p. 19). All the non-metals the 
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atomic weights of which are high, as well as the remaining metals, 
agree approximately with Dulong and Petit’s rule below 100°. 

14 As instances of the employment of the atomic heat in 
selecting the atomic weight, the following may be quoted. 

Thallium shows many analogies on the one hand with the 
alkali metals, and on the other with lead, and it was for some time 
a matter of doubt whether the lower chloride should be formu- 
lated as TlClg, in which case the atomic weight would be 405*2, 
or as TlCl, the atomic weight being then 202*6. Regnault 
found the specific heat of thallium to bo 0*0335, and 
thus decided the question in favour of the latter view, since 
0*0335 X 202*6 = 6*8. 

A similar instance occurs in the case of indium, the chloride 
of which contains 38*3 parts by weight of metal to 35*46 parts 
by weight of chlorine. Indium has a very considerable resem- 
blance to zinc and cadmium, and for this reason the chloride 
was supposed to have the formula InClg, giving an atomic weight 
of 76*6 to the metal. In 1870 Bunsen^ ascertained by means 
of his ice calorimeter that the specific heat of indium is 0*057. 
Now 0*057 X 76*6 = 4*4, or only two-thirds of the atomic heat 
of the other metals. Hence we must assume that the true 
atomic weight of the metal is 76*6 X = 114*8. This gives the 
formula for the chloride, InCl3, which has been confirmed by the 
vapour density. 

The example of uranium may also be quoted. At one time 
this metal was supposed to have an atomic weight of about 
119, and to resemble iron in its chemical characteristics, its 
oxides being assigned the formula3 UO and UgOg. At a later 
period, however, it was found that the.chemical relations of the 
metal agreed better with the atomic weight 236*7, according to 
which its oxides would be UOg and UO3. This conclusion was 
confirmed by Zimmermann, who found its specific heat to be 
0*0276, its atomic weight therefore being about 238.^ 

Isomorphism. 

15 An account of the general phenomena of isomorphism 
will be found under “ Crystallography.” As briefly mentioned 
in the historical introduction (Vol. I., p. 42), Mitscherlich was 
the first to perceive that substances which are similar in crystal- 
line form are similar also in chemical composition ; he concluded 

1 PhL Mag., 1871, [4], 41, 161, 392. ® AnnaUn, 1885, 232, 299. 
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from his observations that the same number of atoms combined 
in the same way produces the same crystalline form, this latter 
being independent of the chemical nature of the atoms and 
depending only on their number and relative position. lie 
pointed out soon afterwards that this relation might be employed 
for the determination of the relative combining weights of two 
elements or compounds. Thus, having found that potassium 
sulphate and potassium selenate, which crystallise in the 
rhombic system, are isomorphous, he concluded that selenic 
acid (the anhydride) would, like sulphuric acid, contain three 
times as much oxygen as the base with which it was combined 
in the salt in question, this conclusion being afterwards confirmed 
by analysis. 

At the time when Mitscherlich first stated his theory of the 
relation between atomic composition and crystalline form, the 
only available means of ascertaining the atomic weights of 
the metals was that provided by Dulong and Petit’s rule, which 
had been applied only to some thirteen elements. The rule, 
moreover, had not at that time been extended to the molecular 
heat of compounds, and hence the atomic weights of a large 
number of metals could be determined only by analogy, or by 
arbitrary assumptions. Under these circumstances Mitschcr- 
lich’s theory of isomorphism proved of great importance, and 
was at once applied by Berzelius to the determination of the 
atomic ratios of such elements as chromium, titanium, etc. 
Thus the ratio of the amounts of oxygen in chromium sesquioxide 
and chromic anhydride per unit of chromium was known to 
be 1:2, the simplest expression of which, according to the 
Daltonian system, would bo by the formulae CrO and CrOg, 
although Berzelius formulated them for other reasons as CrOg 
and CrOg. Chromium sesquioxide, however, is isomorphous 
with ferric oxide, iron being an element the atomic weight of 
which had been determined by the specific heat method, and 
hence the formula CrgOg was given to it. Chromic anhydride 
thus became CrOg, which is in full agreement with the fact that 
the chromates arc isomorphous with the sulphates, sulphuric 
anhydride having been formulated by TSerzelius on independent 
grounds as SOg. 

At present the isomorphous relations of the compounds of an 
element only supply additional confirmation of the atomic 
weight, which has now been deduced for every element either 
from the molecular weight of its compounds, from the atomic 
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heat of the element itself, from the molecular heat of its 
compounds, or from the ratio of the specific heat of the ele- 
ment at constant pressure to that at constant volume (Vol. I., 
p. 135). 

The elements may be grouped into the following series, ^ the 
members of which form isomorphous compounds. Elements 
which form several series of compounds are often found in a 
corresponding number of isomorphous series, the isoiAorphous 
relations of one t)rpe of compound being different from those of 
another. 

(1) {a) K, Rb, Cs, Tl, (NE4). 

(b) Li, Na, Ag. 

(2) (a) Gl, Mg, Zn, Cd, Mn, Fe, Co, Ni, Os, Ru, Pd, Pt, Cu. 
(b) Ca, Sr, Ba, Pb, Ra. 

(3) La, Di, Yt, Ce, Er. 

(4) Al, Fc, Cr, Co, Mn, Ir, Rh, Ga, In, (Ti). 

(5) Cu, Hg, Pb, Ag, Au. 

(C) Si, Ti, Ge, Zr, Sn, Pb, Th, Mo, Mn, U, Ru, Rh, Ir, Os, Pd, 
Pt, Fe. 

(7) N, P, As, V, Sb, Bi. 

(8) Cb, Ta. 

(9) S, Se, Cr, Mn, Mo, W, As, Sb, Fe, Te ( ?). 

(10) F, Cl, Br, I, Mn, (CN). 

No cases of isomorphism have as yet been observed among 
the compounds of the following elements : 

H, B, Sc, C, and 0. 

The details of the isomorphous compounds of the metals in- 
cluded in the above series will be found under the several 
metals. 


The Molecular Weights of the Metals. 

16 The metals as a rule boil at exceedingly high tempera- 
tures, and up to the present it has for this reason been found 
possible to obtain defimte results with the vapour densities of 

^ Arzruni, Physikahsche Chemie der Krystalle (View eg, 1895). Sonder- 
abdruck aus Graham- Otto’s Au^tfuhrlichea Lelirhuch der Chemie, 1 Band, 
3 Ab^oilung. See also Groth, Etnleitiing in die clmnische Krystallographie, 
pp. 48-53 (Engelmann, Leipzig), or the English translation of this volume, 
Introduction to Chemical Crystallography, 
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zinc, cadmium, mercury, silver, antimony, bismuth, lead, and 
thallium only.^ The results obtained indicate that the molecules 
of these metals are monatomic, although it should be noted that 
the values obtained for the vapour densities of the four last 
metals are all somewhat higher than would be expected on that 
basis. The vapour densities of potassium and sodium have 
been determined only approximately, since the vapours of these 
metals attack the material of which the apparatus is constructed. 
The results, however, point to the conclusion that these two 
metals form monatomic molecules. 

The molecular weights of many of the metals have been 
determined also by the cryoscopic and vapour-pressure methods 
of Kaoult (Vol. I., pp. 132-5). These experiments render it 
probable that in nearly all cases the molecules of the metals 
are identical with their atoms. When tin is used as a solvent 
for the metals Ni, Ag, Au, Cu, Tl, Na, Pd, Mg, Pb, Zn, Cd, Hg, 
Bi, and Ca, the solutions which are formed behave on cooling in 
the same manner as dilute solutions of non-electrolytes in water 
(loc, ciL), Atomic proportions of these metals, when added to a 
fixed amount of tin, so as to form a dilute solution of the metal, 
all lower the freezing point of tin to the same extent. Further, 
the amount of the depression agrees with that calculated from 
theoretical considerations, on the assumption that the molecular 
weights of the dissolved metals are identical with their atomic 
weights.^ Some metals, such as indium and aluminium, appear 
to be exceptional : but the apparent association in such cases 
may be explained by the formation of compounds with the 
solvent, or by the formation and separation of solid solutions. 
The freezing points and vapour pressures of solutions of the 
metals in mercury have also been examined, and lead to similar 
conclusions, although the results obtained are not so regular as 
when tin is the solvent.^ 

17 The identity of atom and molecule has been confirmed in 
the case of mercury vapour by the determination of the ratio of 
the specific heat at constant pressure to that at constant volume 

(see Vol. I., p. 135). In the same Way it has been shown that 

• • 

^ Blitz and Meyer, Zetl. physikal. Chem , 1889, 4 , 264; Biltz, ihid , 1896, 19 , 
385; AVaiienberg, Bcr , 1906, 39 , 381 ; Zeit. anorg. Chem , 1907, 56 , 320. See 
also W. E. S. Turner, Molecular Association (Longmans), 1915, for a summary 
of the data, 

^ Hcycock and Neville, Journ. Chem, Soc., 1890, 57 , 376. 

® Tammann, Zcit, 'physikal, Chem,, 1889, 3 , 441; Ramsay, Journ, Chem, 
Soc., 1889, 55 , 521 ; Turner, loc, cit. 
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the molecules of sodium and potassium in the state of vapour 
are monatomic.^ 


VALENCY OF THE ELEMENTS. 

1 8 In connection with the non-metallic elements it has 
already been pointed out (Vol. I., p. 145) that the atoms«of these 
elements differ in the number of hydrogen atoms with which 
they can combine. This varying combining power of the ele- 
ments is known as valency or quantivalence, and the elements 
are described as monovalent, divalent, trivalent, or tetravalent 
(univalent, bivalent, tervalent, or quadrivalent), or as monads, 
dyads, triads, or tetrads, according as they combine with one, 
two, three, or four atoms of hydrogen. This is expressed also 
by saying that each of these elements has one, two, three, or 
four umts of affinity or bonds, and in combination with hydrogen 
each of these is satisfied by combining with the single unit of 
affinity of the latter. This is graphically expressed in the 
following formula), the mutual bond of affinity being represented 
by the straight line connecting the two atoms : 


II— F 


n(-ii 

.11 

C<" 

II ~C1 

K 

/'I 

I\ 11 

bi<ji 

H— Br 

>Se< 

As( II 



Ml 


H— I 

Te( 

^II 

M 

Sb(-H 



The further investigation of the non-metallic elements has 
shown that similar relationships are to be found in their com- 
pounds with elements other than hydrogen. Thus, in the 
compounds mentioned above, the hydrogen may be replaced 
by other elements, and it has been found that those elements 
which combine with only one atom of hydrogen are able to 
replace only one atom of that element, whilst the divalent elements 
1 Robitzsch, Ann, Physik, 1912, 38, 1027. 
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are able to replace two atoms, the tri valent three, and so forth. 
Thus, if we take the compound of carbon and hydrogen, CH4, 
we can replace one or more atoms of hydrogen by an equal 
number of chlorine atoms, two or four atoms by one or two atoms 
of oxygen, and three atoms by an atom of nitrogen, the graphic 
formula) of the compounds obtained being given below : — 


Cl 

^ 5 ii 

Cl 

Hi 

cA 

\ii 

“^0 

of 

Methyl 

Methylene 

Form- 

Carbon 

irydrocyanic 

chloride. 

chloride. 

aldehyde. 

dioxide. 

acid. 

From these and many other similar facts, the conclusion was 


at first drawn by some chemists that the valency of an element is 
a constant property, and remains the same in all compounds which 
it forms. As the number of the compounds the true molecular 
weights of which were ascertained became larger, it was found, liow- 
ever, that this view could not be maintained without modification. 
Thus phosphorus, which forms the hydride PH3, yields two 
chlorides, PCI3 and PCI5, and as, in the latter, it is combined 
with five monovalent atoms, it must in this case bo penta valent, 
whilst in PCI3 and PIJ3 it is trivalent. Upholders of the theory 
of constant valency denied that phosphorus pentachloride was 
a true compound, and regarded it as a molecular comjpound of 
PCI3 and Clg, analogous to a salt containing water of crystallisa- 
tion, basing this view on the fact that when phosphorus penta- 
chloride is volatilised it decomposes into these two portions. It 
was then shown that by suitable means tlie pentachloride may 
be volatilised without decomposition, and that its vapour 
density then corresponds with the formula PCI5. Further, a 
phosphorus pentafluoride has been discovered which is gaseous 
at the ordinary temperature, and has the molecular formula 
PPg. The valency of phosphorus, therefore, towards the halogens 
cannot be regarded as constant. 

Again, the two chief oxides of sulphur have the formulae SOg 
and SO3, and on the assumption tlfat sulphur and oxygen arc 
both divalent the constitutional formuSse were written : — 


S 


/ 

\ 


0 

I 

0 




0 . 


Among the oxygen compounds of chlorine we are acquainted 
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with four oxy-acids having the formute HCIO, HClOg, HCIO3, 
and IICIO4, constitutions of which were represented as 
follows : — 

n-o~ci 

H— 0—0— Cl 
H— 0-0— 0— Cl 
H— 0-0— 0—0— Cl. 

t 

In all these cases, however, another interpretation is possible, 
namely, that the divalent oxygen is connected directly with 
the sulphur or chlorine atom, the valency of the latter varying 
in the different cases, as shown in the following formulse : — 




0 : 


Cl-O-II 
0 Cl— 0-n 

^Cl— 0— H 
iV 

0 ^ci— 0— n. 
0 ^ 


No. 


In such cases, it must be remembered (see Vol. I., p. 147), 
it is only after the constitution of a compound has been ascer- 
tained that the valency of the component atoms can be 
deduced. 

No definite proof has hitherto been obtained of the correct- 
ness of either view, but the balance of evidence is strongly in 
favour of the latter, as it is found that those compounds which 
can be proved to contain oxygen atoms directly combined 
together in the manner shown in the first scries of formulae, 
such as hydrogen peroxide, are extremely unstable. It 
is, moreover, probable that the longer the chain of oxygen 
atoms, the less would be the stability of the compound, whereas, 
in reality, the stability of the oxy-acids of chlorine increases 
with. the number of oxygen atoms in the molecule. Sulphur, 
again, is undoubtedly a hexad in the hexafluoride, SFg, which 
is a «^ery stable gas, whilst in the highest compound which has 
been obtained with chlorine, SCI 4 , it is a tetrad. Oxygen, 
moreover, which is usually a dyad, is probably a tetrad in the 
salts which many organic oxygen compounds form with acids, 
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and which are termed oxonium salts. It is now, therefore, 
generally supposed that the valency of an element is not a 
constant, but a variable, property. 

It will, however, be noticed that in the above cases there 
is a certain regularity in the variation, the valency of an 
element being always represented by either an odd or even 
number, and in the great majority of the compounds of the 
non-metallic elements the same rule holds. Even to this 
there are a few notable exceptions, such as nitric oxide, NO, 
in which nitrogen behaves as a dyad instead of as a triad or 
’ a pentad, whilst in chlorine peroxide, the formula of which has 
been proved ^ to be ClOg, chlorine is a tetrad. 

19 When we consider the compounds of the metals, it is found 
that the relations become still more complex than is the case with 
the non-metals. It is only in recent years that any very definite 
conclusions could be drawn on this point, as until then the true 
molecular weights of very few metallic derivatives were known, 
these having for the most part such high boiling points that 
the vapour density of very few of them had been determined. 
The improved methods of determining vapour densities at 
high temperatures, due chiefly to Victor Meyer and his pupils,^ 
have, however, considerably enlarged the material at our disposal, 
and the results have necessitated some modification of the 
older views. 

No metal combines with hydrogen to form a stable vola- 
tile compound, and hence the valency towards this element 
cannot be determined. Many metals, however, form volatile 
compounds with the monovalent alcohol radicles (p. 14). These 
compounds may be regarded as substituted metallic hydrides, 
and serve also for the determination of the valency of such 
metals as form them. The table below gives the constitutional 
formulae of some of the compounds of non-metals with hydrogen 
and alcohol radicles, and of a number of the metallo-organic 
compounds the vapour densities of which have been ascertained: — 


Hydrogen 



chloride. 

Water. 

Ammonia. 

H 

k 


N^H 


1 Pebal and Schachorl, Annalen, 1882, 213, 113. 

* Pyrocheniische Untenuchungenf 1884 (Vie^cg); 
Ber., 1880-1890. 


Silicon hydride. 


and numerous papers, 
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Methyl 

Methyl 


Silicon 

chloride. 

oxide. 

Trimethylamine. 

tetramothyl. 

CH3 

Cl 

0 CH. 

/CEa 

N(CEa 

\CEa 

CEa 

gi/CEa 

^\CBa 

^CEa 



Antimony 

Tin 


Zinc methyl. 

methyl. 

tctramethyl. 


CEa 

Zn<; 

^CEa 

/CEa 

Sb( CEa 
\CBa 

CEa 
a ^CHa 

®^ 5 cB 3 

^CBa 


Mercury 

Aluminium 

Lead 


methyl. 

methyl. 

tctramethyl. 


/CEa 

Hg< . 

^CEa 

/CEa 

Al( CEa 

^CEa 

CEa 
P 1 ,<CE 3 
^ \CEa 
^CHa 


The vapour densities of a number of metallic chlorides, 
as well as of a few iodides, have now been determined. The 
molecular formula) based on the vapour densities are given 


below 

I 

ir. 

III. 

IV. 

V. 

NaCl 

GlCla 

AlCla 

TICI4 

CbClj 

KCl 

CrCL 

CrCla 

VCI4 

TaCla 

KI 

FeCla 

FeCla 

GeCl^ 

M0CI5 

EbCl 

CugCla 

GaCla 

SnCl* 

WCI5 

CsCl 

Csl 

AgCl 

InCl 

TlCl 

ZnCla 

GaCla 

SnCla' 

InCla 

BgCla 

PbCla 

InCla 

SbCla 

BiCla 

ZrCl* 

UCI4 



20 A definite conclusion as regards the molecular formula 
of a compound can be drawn from its vapour density only 
when the latter remains constant through a considerable range 
of temperature. In many instances the vapour density 
diminishes gradually vuth rise of temperature, and attains a 
constant value only at temperatures considerably above the 
boiling point. The same fact has been observed with substances 
boiling at comparatively low temperatures, such as acetic acid. 
This appears to indicate the presence in the vapour of a certain 
proportion of heavier molecules which gradually decompose as 
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the temperature rises. Thus the first determination of the 
vapour density of ferric chloride, made by V. and C. Meyec,^ 
agreed approximately with the formula FcgClg. Subsequently, 
V. Meyer and Grunewald showed ^ that the vapour density of 
ferric chloride is, even at 448°, rather lower than corresponds to 
the formula FegClg, and that, as the temperature rises, the 
density gradually becomes less, until at 750° the value agrees 
closely wirh the formula FeClg, and remains constant up to 
1,077°. 

At temperatures above 448° a certain amount of the ferric 
chloride is dissociated into ferrous chloride and chlorine, but 
at 448° no decomposition of this character takes place, and even 
here the vapour density is smaller than that required by the 
formula FegClg ; hence, at temperatures not far above the boiling 
point, a number of the molecules must have a smaller molecular 
weight than the above, i. 6., they must have the formula FeClg. 

Another instance of a similar kind is furnished by aluminium 
chloride; the older experiments of Deville and Troost in 1857 
gave the vapour density at 9-3, corresponding to the formula 
AlgClg. Nilson and Pettersson,^ in repeating this determina- 
tion in 1887 at higher temperatures, obtained the following 
numbers : - 


Temperature. 

Vapour density. 

o 

O 

7-789 

758 

4-802 

835 

4-542 

943 

4-557 

],177 

4-269 

1,244 

4-247 

1,260 

4-277 


The calculated value for the formula AlgClg is 9*2, and for 
AlClg, 4-6. 

The conclusion to be drawn from these results is that the 
chlorides of variable vapour density have the simpler formulae at 
high temperatures, but that as the temperature falls combina- 
tion or association occurs between the molecules. It is not 
improbable that in many cases the molecules of the fused or 
solid substance are more complex than those of the gas. This 
has already been shown experimentally for some liquids (Vol. I., 

1 Bar., 1879, 12, 1195. * Ber., 1888, 21, C87. 

* Zeit. pht/sikal. Vhem., 1887, 1, 463. 

VOL. II. (l.) D 
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p. 118), and the extension of the same method to fused salts 
has led to analogous results.^ 

21 The application to aqueous salt solutions of the methods 
for ascertaining the molecular weight of substances in solution by 
the depression of the freezing point and elevation of the boiling 
point (Vol. I., p. 132) is complicated by the fact that most salts 
undergo electrolytic dissociation in aqueous solution. The 
general result obtained, when allowance is made for this by the 
determination of the electrical conductivity (Vol. I., p. 124), is 
that in most cases salts have a molecular formula identical with 
the empirical formula. When salts are dissolved in liquids in 
which ionisation does not occur, or occurs only to a very small 
extent, the results obtained point also, as a rule, to the simple 
forraulao, but in many cases evidence is obtained of molecular 
association, or combination between two or more molecules, and 
the results are found to vary with the solvents employed.^ 

The identity of the molecular and empirical formulae of many 
chlorides has also been confirmed by the determination, by the 
vapour pressure method, of their molecular weights when 
dissolved in boiling bismuth chloride; in this solvent very 
little electrolytic dissociation occurs, owing to the fact that the 
chlorine atom is common to both the solvent and the dissolved 
substance. All the chlorides examined had under these circum- 
stances at 447° the simple formula containing only one atom of 
metal in the molecule. This holds for the chlorides of Li, Na, 
K, Rb, Cs, Ca, Ba, Sr, Zn, Cd, Ag, Pb, Mn, and Co, together with 
ferrous, palladious, and platinous chlorides, and the two chlorides 
of copper.^ In all cases where a comparison is possible, these 
results agree with those deduced from the vapour density at high 
temperatures, except in the single instance of cuprous chloride. 

It appears from the foregoing that in the compounds formed 
by the metals, the linking together of two atoms of a metal to 
form a molecule which is stable at a high temperature does 
not often occur. In certain cases, however, it must be assumed 
that this sort of combination exists. Tin, for example, forms 
a volatile compound Sn 2 ( 02 H 5 )g, and Ogg ^ has proved that the 

^ Bottomloy, Journ, Chem, Soc., 1903, 83, 1421 ; Lorenz and Kaufler, Ber., 
1908, 41, 3727. 

* See on this point Wemor, ZeiL anorg, Chem., 1897, 15, 1; Beckmann, 
Zeit, 'ptyaikaL Chem,, 1903, 46, 857; Turner, Journ, Chem» Soc., 1911, 99, 
899 

^ Kiigheirner and Rudolfi, Annalen, 1905, 839, 311. 

* Ogg, Zeit, phystkaL Chem,, 1898, 27, 285. 
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mercurous salts in aqueous solution yield the divalent ion Ilgg 
and not the simple ion Hg’, and that they therefore have most 
probably the double formula IIg 2 X 2 . In the case of cuprous 
chloride, the molecule CugClg certainly exists at 1700°, although 
in solution in bismuth chloride at 447° only the simple mole- 
cules CuCl are present. Moreover, as already stated, the simple 
molecules capable of existing in the state of gas at high tem- 
peratures xnay form more complex molecules as the temperature 
falls. 

These facts render it difficult to draw definite conclusions as 
CO the valency of the metals in these compounds. Copper in 
cuprous chloride, for example, must be regarded as monovalent if 
the formula be CuCl, whilst if the formula be CU 2 CI 2 , it may be 
looked upon as divalent, the constitution of the chloride being 
then written Cl . Cu . Cu . Cl. Similarly, aluminium must be 
regarded as trivalent in its chloride if the molecular formula be 
AICI3, whereas it becomes tetravalent if the molecular formula 
beAl2Cl6: 


/Cl 
Al( Cl 
\ci 


Ck /Cl 

Cl >1-^A1^C1 
CK \C1 


In the present condition of knowledge, it is best to consider 
the valency of the metals only for the simplest form of each 
molecule which has been proved to bo capable of existence. 

The examination of the list of chlorides (p. 32) shows then 
not only that the valency of the same metal does vary in 
different compounds, but that it does not even vary in a regular 
manner, such as remaining either odd or even. Thus in the 
case of indium, three volatile chlorides are known, having the 
formulae InCl, InCl 2 , InClg, in which the metal is a monad, 
dyad, and triad respectively. Iron is a dyad in ferrous chloride, 
and a triad in ferric chloride, whilst tungsten acts as a tetrad, 
a pentad, and a hexad. 

In considering the compounds of the metals with oxygen, the 
available material is not so copious, inasmuch as the actual 
molecular weights have been determined in but few cases. 
In most instances the formulae of the oxides (and of the salts 
they form with either acid or basic oxides) are taken as the 
simplest possible, or in some cases as analogous to those of the 
oxides of elements of the same group the vapour density of which 
has been determined. The valency deduced from these formulae 
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frequently differs from that obtained from the vapour density 
of the chloride of the metal ; thus the only volatile chloride of 
vanadium has the formula VCI4, whilst in its general deport- 
ment this element is analogous to nitrogen and phosphorus, 
behaving as a triad and pentad. Again, the only volatile 
chloride of molybdenum has the formula M0CI5, but in many 
other compounds, such as molybdic acid and the molybdates, 
the metal acts as a hexad. • 

22 The valency of an element can no longer, therefore, be 
regarded as always varying in a regular manner, but appears 
to vary irregularly according to the nature of the other elements 
with which it combines. At the same time, an element 
almost always shows what may be termed a characteristic 
valency, i. c., a valency which remains constant throughout a 
large and important series of compounds. Thus, for example, 
the alkali metals are monovalent in the great majority of their 
compounds, although a few halogen derivatives have recently 
been prepared in which they behave as triads and pentads ; the 
metals of the alkaline earths almost always behave as dyads, 
and nitrogen, phosphorus, and arsenic either as triads or 
pentads. Carbon in particular shows a very constant tetrad 
valency, almost the whole of its immense number of compounds 
containing the element in the tetravalent state. These general 
regularities find their best expression in the periodic classification 
of the elements, and will be further considered in discussing 
the latter. 

23 Werner’s Theory of Principal and Supplementary Valencies. 
— The molecules formed by the combination of two or more 
elements are usually not devoid of the power of combining with 
further atoms or molecules. Thus, for example, sulphur dioxide, 
SOg, readily combines with oxygen to form sulphur trioxide, 
SO3; this unites with a molecule of water to form sulphuric 
acid, H2SO4, and this again with a further quantity of water to 
form the crystalline hydrate, H2S04,4H20. According to the 
ordinary theory of valency, sulphur dioxide is an unsaturated 
compound in which sulphur acts as a tetrad : in sulphur trioxide 
the sulphur is a hexad, and the oxygen a dyad : 



The introduction of water into this molecule can be explained 



VALENCY OF THE ELEMENTS. 


37 


by a rearrangement of the valencies of the elements of the two 
compounds, which leads to a constitutional formula for sul- 
phuric acid in accordance with its chemical behaviour. The 
further introduction of four molecules of water into this mole- 
cule cannot be simply represented on the lines of the ordinary 
theory. It is apparent that some power of combination is still 
left in such molecules, and this is usually ascribed to the residual 
affinity, either of the molecules as a whole, or of certain of the 
atoms contained in them. 

Very little is known about the mode of combination in such 
cases, but many theories have been proposed in order to include 
compounds of this character, among which are to be numbered 
almost all the double and complex salts of the metals, the 
ammoniacal metallic compounds, the hydrates, and similar 
substances. 

The most successful attempt in this direction has been made 
by Werner,^ whose views are based more especially upon the 
composition and properties of the ammoniacal metallic deriva- 
tives and the complex salts of the metals. According to this 
theory the atom possesses' two kinds of valency, viz., principal 
valency, which is concerned in the combination of atoms or 
radicles which can exist as ions, or are equivalent to ions ; and 
supplementary valency, which is concerned with the combination 
of radicals which cannot exist as ions. Thus the atoms or 
groups —Cl, — Na, — NOg, — CII3, &c., combine by virtue 
of their principal valencies; groups such as — OHg, — NH3, 
—CIK, — CrCl3, &c., by means of their supplementary valencies. 
Platinum, for example, combines with four atoms of chlorine 
by principal valency forming the molecule PtCl4, the highest 
chloride of platinum which can be obtained. This molecule 
readily combines, however, with two molecules of hydrogen 
chloride by the supplementary valencies of the platinum and 
chlorine atoms, forming chloroplatinic acid, HgPtClg : 


Cl 

Cl 

Cl 

Cl 


\ 

>Pt 

/ 


a\ 


Cl 

Cl' 


>pt. 

/ 'a— H 


The constitution of these molecules is represented above accord- 
ing to Werner’s theory, principal valencies being represe..tef 

1 innaUn, 1902, 322* 261. See also Womer’s Neuere Anschauwn^er' aiif 
dem Gehiete der anorganiachen Chemie ; an English translation of this volume 
has been published under the title ; “ New Ideas on Inorganic Chemistry.” 
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by unbroken lines, and supplementary valencies by dotted 
lines. 

The number of atoms which can combine directly with a 
single atom appears to be to some extent independent of the 
nature of the particular atoms concerned. The atoms of most 
elements can unite in this way with six other atoms or groups, 
which may be regarded as being situated in the primary sphere 
of action of the central atom, and are said to be co-ordinated 
with it. These six may be united to the central atom either by 
principal or by supplementary valency, and if any of the prinr 
cipal valencies of this atom remain unsaturated, the radical 
thus formed has a corresponding power of combining with 
further atoms, which, however, must remain in the secondary 
sphere of action of the central atom. 

The trivalent atom of cobalt, Co, can, for example, co-ordinate 
six molecules of ammonia by supplementary valencies, forming a 
radical Co(NH 3 )g, in which the trivalent cobalt atom is still 
capable of combining with three monovalent atoms of chlorine 
by principal valency, forming the well-known compound, 
[Co(NH 3 )g]Cl 3 , hexammine-cobaltic cliloride (lutco-cobalt 
chloride). In this substance the six molecules of ammonia arc 
regarded as being situated in the primary sphere, and united 
with the cobalt atom by supplementary valencies, whilst the 
three chlorine atoms are situated in the secondary sphere of 
action, and are united with the cobalt by principal valencies. 

On the other hand, in the co-ordination radical, [CoCl 3 (NH 3 ) 3 ], 
both the chlorine atoms and the molecules of ammonia are 
situated in the primary sphere, the chlorine atoms being united 
with the cobalt by principal, and the ammonia molecules by 
supplementary, valency. The trivalent cobalt atom is therefore 
saturated and incapable of further combination. This substance 
is known as triammine-cobaltic chloride, and when dissolved in 
water does not undergo electrolytic dissociation, because the 
chlorine atoms form part of the complex radical. The solution, 
therefore, does not yield a precipitate of silver chloride when 
silver nitrate is added. On the other hand, the hexammine- 
cobaltic chloride molec^ile, in which the chlorine is not part of 
the complex radical, dissociates in aqueous solution into the ions 
[0o^NH3)g]*“ and 301', and the whole of the chlorine is prccipitable 
Dy silver nitrate. 

Tne maximum number of atoms or groups which can unite 
directly with a central atom is therefore six, pips the valency 
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of the central atom. In some cases the co-ordination number 
is four (carbon, boron, and nitrogen), and it is possibly as high 
as eight in some instances (molybdenum), but for the great 
majority of elements it is six. 

This theory has proved of great value in the classification of 
the complex derivatives of the metals, and numerous applications 
of it will be found under the separate metals. The more recent 
development of the theory has taken the form of prediction 
of the existence of isomerides, and the predictions have been 
verified in a striking manner. The representation of the six 
co-ordinated groups or atoms as arranged in space round the 
central atom in the relative positions of the angles of an octa- 
hedron, leads to conclusions as to the existence of cis- and Irans- 
isomerides in certain cases, and of optical isomerides in others. 
Such isomerides have now been isolated,^ and this fact gives 
strong support to Werner’s views. 

24 Electrochemical Theory of Valency, Corpuscular Theory of 
the Constitution of the Atom , — Concerning the nature of valency 
very little is at present known. One important relation has, 
however, been established by the classical researches of Faraday. 
When a salt of a metal is dissolved in water and the solution 
is electrolysed, the amount of the metal deposited in a given 
time depends on the valency which the metal possesses in that 
salt. Thus when solutions of salts of a univalent and divalent 
metal, such as the sulphates of silver and zinc, arc electrolysed 
by the same current, two atomic proportions of silver are 
deposited for each atomic projiortion of zinc, the same amount 
of oxygen being liberated at the anode in each case. Since 
the same amount of electricity has been conveyed by the ions of 
the metal in the two cases, it follows that the electrical charge 
conveyed by each silver ion is only half as great as that con- 
veyed by each ion of zinc. A similar relation is found in other 
cases, and it may be stated as a general law that the electrical 
charge which is conveyed by the ion of a metal in the electro- 
lysis of a solution of a salt is directly proportional to the valency 
of the ion. 

These facts have led many chemists to the conclusion that 
chemical combination is essentially an electrical phenomenon, 
and occurs always between a positive and a negative radical. 
This was, indeed, the fundamental principle of the dualist’c 
system of Berzelius, but was rendered truly applicable to the 
1 See Werner, Ber„ 1911, 44, 2449, 3231. 
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facts of chemical combination only by Faraday’s discovery 
of the quantitative laws of electrolysis.^ 

This idea receives much support from recent developments 
in our knowledge of the structure of atoms. It has been shown 
that substances of all kinds must contain electrons, negatively 
charged particles, and Millikan ^ has shown that the charge 
on all of these is identical whatever the source. Further, the 
ratio of the charge to the mass of electrons has been determined 
and also found to be identical in all cases (provided only that 
the electron is , not moving with a velocity approaching that of 
light, in which case its mass is increased by virtue of its motion). 
On combining the two results it is found that the mass of an elec- 
tron is only 1/1830 that of a hydrogen atom. These electrons, 
then, form a constituent of all atoms, but experiments by various 
methods have shown that the number present is only one half 
(approximately) that expressing the weight of the atom on the 
scale 0 = 16, so that they constitute only an insignificant 
fraction (about one-twentieth of one per cent.) of the total weight. 
Positive charges, on the other hand, have never been obtained 
except in association with mass equal to, or greater than, that 
of a hydrogen atom per unit charge, so that the mass of an atom 
is probably supplied by the positive charges which it must con- 
tain (since atoms are neutral and have been proved to contain 
negative charges — electrons). These have been investigated 
by Rutherford ® and others by means of a-particles, which are 
produced in some radioactive changes (q.v.), have a mass four 
times that of a hydrogen atom and bear a charge that exactly 
neutralises two electrons. In fact they have been shown to 
be helium atoms minus two electrons. On passing a stream of 
these through gases, or thin sheets of solid materials like gold- 
foil, it can be calculated from the observed scattering that the 
positive charge on an atom is concentrated in a volume which 
is very small compared to that of the atom as a whole. On these 
lines has been established Rutherford’s Nuclear Theory, according 
to which an atom consists of a positively charged nucleus around 
which a corresponding number of electrons are grouped at dis- 
tances relatively great compared to the dimensions of the nuclei 
and electrons themselves. 

The difference between the atoms of the various elements 

^ See on this point Helmholtz, The Faraday Lecture, Journ, Chem. Soc., 
1881, Sd, 277. 

2 Millikan, * PhtL Mag., 1911, 21, [6], GC9. 
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consists in differences in the charge on the nucleus and therefore 
in the number of electrons surrounding it. Exactly how these 
electrons are arranged is as yet a matter for hypothetical con- 
jecture which is better considered after the periodic law has 
been discussed (p. 77) ; but the hypotheses which are most 
fruitful in explaining valency involve the assumption that these 
electrons occupy positions, or oscillate around mean positions, 
fixed with regard to the nucleus. Probably where the central 
positive charge, and therefore the number of surrounding electrons 
in the neutral atom, is greater than eight, they arrange themselves 
as though on the surfaces of a series of concentric spheres, the 
number and arrangement of the electrons in the outermost of these 
being all important in determining the chemical behaviour of 
the atom. 

Considerations of symmetry suggest that for each of the spheres 
some one particular number and arrangement of electrons will 
be most stable, though the configuration affording the greatest 
degree of stability may vary from sphere to sphere. In the 
neutral atom the total number of electrons to be arranged is 
determined solely by the positive charge on the nucleus, so the 
atoms of some elements may have the requisite number to supply 
all the spheres formed with exactly as many electrons as will 
afford the maximum configurational stability, whilst others must 
perforce have too many or too few in one or more of their spheres. 

On these lines G. N. Lewis ^ has brought forward a very interest- 
ing theory of valency. He suggests that the atoms of all elements 
are built up in such a wvay that the series of spheres surrounding 
the nucleus all have the exact number of electrons consistent 
with maximal configurational stability except the outermost 
one, which has the same number as that of the group in the periodic 
table (q.v.) to which the element belongs. Further he supposes 
that this outermost sphere for all elements (except hydrogen) 
requires eight electrons for the highest stability and that there 
are definite forces tending to produce this arrangement. 

Eight electrons symmetrically disposed correspond to the eight 
corners of a cube, and this figure may therefore be taken as a 
diagrammatic representation of the atom. To take the case of 
oxygen as an example, since this is one of the elements of the sixth 
group it would have only six of the eight corners of the cub’" 
model occupied by electrons. Another oxygen atom could, 
however, be brought into juxtaposition with the first in such 
^ J Amcr Chem. Soc , 1916 , 38 , 762 . 
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a manner that two of the electrons of each occupy the vacant 
spaces in the other, as shown in the diagram below. 

In this case, without disturbing the electrical neutrality of 
the whole, each atom has its configurational forces satisfied, and 
these supply the valence bond. This corresponds to what is 
called a non-polar linking, the characteristics of which are that 
the atoms are held in fixed positions relative to each other, 
as the facts of stereochemistry seem to require, and dissociation 
into ions occurs but slightly so that the electrical character of 
the linking is not obvious. Nevertheless oxygen can be ionised 
and, as can be seen from the symmetry of the above arrangement, 
if the molecule were broken up, say by collision with an a- 
particle, the constituent parts might not separate in their original 
forms, but one atom might break off with seven, or even eight, 
electrons in its outer sphere, thus forming a singly or doubly 
charged negative ion, leaving the other with too few electrons, 
and therefore positively charged. The ions, however, especially 
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the latter, would not be very stable, and recombination would 
readily occur under the influence, first of the electrostatic, and 
then of the configurational forces. 

As an extreme modification of this, the combination between 
sodium and chlorine may be considered. Sodium belongs to 
the first group, so that its outer sphere has only one electron, 
whilst chlorine, belonging to the seventh, has seven. Hence, 
though the chlorine atom can complete its full configuration 
by means of the single electron from the sodium, yet the latter 
cannot possibly complete its group of eight by sharing with a 
single atom. Consequently the sodium parts altogether from its 
outside electron and exposes the next sphere which, by hypo- 
thesis, is configurationally complete. The two ions thus formed 
are held together purely by electrostatic forces, since the electron 
has passed over altogether and is not shared. This corresponds 
a linking of the extreme polar type which is characterised by 
the readiness with which it forms ions and by the related fact 
thao it can be broken by the passage of an electric current. 
Since the bond is purely electrostatic it would be expected that, 
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when the compound is dispersed in a medium of high dielectric 
constant like water, the force uniting the parts should be weakened 
and dissociation occur under the stresses of thermal agitation, 
thus giving a reasonable explanation of ionic dissociation. 
Further, since configurational forces do not come into play, 
any dissociated sodium ion should be able to recombine with 
any chlorine ion so that there should be a continual exchange 
of partners. This has been shown to be the case with compounds 
of this type by G. von Hevesy and L. Zeckmeister.^ Again, 
in the crystalline solid Bragg ^ has shown that the sodium and 
chlorine ions are arranged in interpenetrating space lattices 
such that each ion is symmetrically surrounded by six oppositely 
charged ions, and cannot be said to be combined with any one 
of these more than with any other, an arrangement in perfect 
harmony with the electrostatic view of the valence bonds. 

Between these two extreme types of combination all inter- 
mediate grades may be met with, as would be anticipated on this 
theory. Since all degrees of strength of linkage by configura- 
tional forces must occur, the ease with which the atoms may be 
torn apart as ions must vary through all stages. It is interesting 
to note, too, that Werner’s co-ordination number can be related 
to the number of electrons which an atom is capable of sharing 
with other atoms. 

Since this theory is still largely hypothetical it is to be expected 
that great modifications in detail, such as in the exact configura- 
tions which are stable, may have to be made (p. 77), but the 
fundamental principles seem important enough to justify the 
space spent on their consideration. The nature of the forces 
tending to produce stable configurations are as yet uncertain, 
but Parsons has suggested that electrons, instead of being point 
charges, are magnetons, that is, annular discs of electricity 
rotating about their own centres. If this prove to be the case, 
the strong magnetic fields set up would possibly provide the 
necessary forces, although no satisfactory theory has yet been 
evolved. 


CLASSIFICATION OF THE ELEMENTS. 

25 The number of substances at present described as elemen- 
tary is 87 (see this vol., p. 2), and of these about 70 have 

^ Ber , 1920, 53, [/?], 410. * Bragg, X-Rays and Crystal Structure. 
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been subjected to close investigation, and their properties 
and those of their compounds definitely ascertained. Their 
atomic weights have also been determined with a moderate 
degree of accuracy, and it has been shown that these numbers 
really represent atomic weights, and not simply the equivalents 
of the elements (see pp. 13-27). 

The question naturally arises whether these substances are 
in reality incapable of further decomposition, or whether by 
suitable means they might not in turn be resolved into still 
simpler substances. Indeed, very soon after the enunciation of 
Dalton’s atomic theory, speculations as to the compound nature 
of the so-called elements were published. Thus, in the year 
1815, Prout suggested^ that the elements were in reality all 
composed of hydrogen, basing his supposition on the numbers 
at that time adopted for the atomic weights compared with 
hydrogen, which were in most cases whole numbers. The 
extreme simplicity of the hypothesis attracted many adherents, 
but the later careful determination of the atomic weights by 
Berzelius did not confirm it. It was somewhat modified by 
Dumas, 2 who assumed that the unit weight of hydrogen was 
itself composed of two or even four atoms, in which case the 
atomic weights would all be multiples of either 0*5 or 0*25. 
The very careful experiments of Marignac, and especially of 
Stas (p. 12), which were carried out with extraordinary care for 
the purpose of testing Dumas’s hypothesis, showed that the 
atomic weights of many elements are multiifies neither of 1, nor 
of 0*5, nor of 0*25, and this conclusion has been confirmed by 
more recent investigations. At the same time, it is worth while 
noting that of the 87 elements in the atomic weight table no 
fewer than 43 have atomic weights within one-tenth of a unit 
above or below an integral number. It appears that the 
probability against such a condition being fortuitous is 20,000 
millions to one.® 

The inquiries made to investigate the validity of Front’s 
hypothesis brought to light a number of relationships which 
exist between the atomic weights of analogous elements. Even 
before the enunciation of the atomic theory, and before the 

’ Anonymously published in Thomson’s Annals of Philosophy, 1816, vol. vi.. 

On tho Relations between the Specific Gravities of Bodies in their Gaseous 
State and the Weight of their Atoms.” 

2 Ann. Chim. Phys., 1859, [3], 55, 129. 

® See Ramsay, B.A. Reports, 1911, 10. 
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true nature of the alkalis and alkaline earths was known, Eichter ^ 
had pointed out that those quantities of the alkaline earths 
which neutralise a given weight of an acid could be arranged as 
members of the arithmetical progression a + nh, in which the 
value of n was 0 for alumina, 1 for magnesia, 3 for lime, 9 for 
strontia, and 19 for baryta. In 1817 Dobereiner directed attention 
to the fact that the atomic weight of strontium is the mean of 
those of the two closely allied elements calcium and barium, and 
later on the same was found to be approximately true in the 
case of other groups of three elements, or triads^ as they were 
called. In 1850 Pettenkofer^ brought forward the view that, 
in the case of analogous elements, the difference in the atomic 
weights is either a constant or a simple multiple of that constant ; 
thus, using the whole number nearest to the atomic weight, the 
following series were given : 

Difference. 

Li = 7 

16 

Na = 23 

16 

K =39 




Difference. 

0 

= 16 




16 

s 

= 32 



3 

X 16 

Se 

= 80 



3 

X 16 

Te 

= 128 



This idea was further developed by Kremers, Gladstone, and 
especially by Dumas, and attention was directed to the analogy 
existing between such a group of elements and the homologous 


hydrocarbon radicles. 

Thus, if 

we take 

the 

radicles 

CnH 2 n+i and Cnll 2 n serics, we have 

• 



Difference. 



Difference 

CKs = 13 

14 

1 ! 

0 

28 

14 

C 2 H 5 = 29 

14 

03113 = 

42 

14 

C 3 H 7 = 43 


04 !!,= 

56 



When the more exact modern numbers are employed, it is 
found that the differences between the atomic weights of t!.: 

^ Ueher die neuern Gegenstan.de der Chymte, 1797, 8 , 21. 

* Munchene Gelehrten Anzeigen, 1850, 30, 261, quoted in Annalen, 1858, 

105 , 187. 
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elements are not quite so regular as when the above approxi- 
mate numbers are taken, but even then the approximation to 
Pettenkofer’s rule seems far too close to be due to chance. 
Further investigation showed that a very large number of the 
elements could be divided into groups showing similar relation- 
ships, and, in 1864, Lothar Meyer ^ tabulated a large number of 
such groups, and arranged a certain number of the elements in 
the order given in the table on p. 47, according in the first place 
to the magnitude of their atomic weights, and in the second 
place to their valency. 


Natural Arrangement of the Elements. 

26 The discovery of any system which should embrace the 
whole of the elements was rendered possible only by the adop- 
tion of the consistent atomic weights proposed by Cannizzaro in 
1858. Previous to this date, the attempts at classification con- 
sisted only in the division of the elements into groups, and did 
not bring out the relations which exist between them as a whole. 
This was first achieved in what is usually known as the natural 
arrangement of the elements. 

The first attempt at such an arrangement was made by de 
Chancourtois ^ in 1862, in whose system the elements were 
arranged in order of their atomic weights along a spiral line 
drawn round a vertical cylinder, the surface of which was 
divided into sixteen vertical strips by straight lines. The 
points occupied by the various elements on this surface were 
termed “ characteristic points,’’ or “ geometrical characters.” 
De Chancourtois enunciated the fundamental theorem of his 
system as follows : — “ The relations between the properties of 
different bodies are manifested by simple geometrical relations 
between the positions of their characteristic points. For 
instance, oxygen, sulphur, selenium, tellurimn, and bismuth,® 
fall approximately on the same vertical generating line, while 
magnesium, calcium, iron, strontium, uranium, and barium fall 
on the opposite generating line. On either side of the first of 

^ Die modernen Theorien dcr Chemie, 1864, 1st edition, p. 137. 

* Compt. rend., 1862, 54 , 757, 840, 967; 1862, 65 , 600; 1863, 66 , 263, 479; 
’866, 63 , 24; see also Hartog, “ A First Foreshadowing of the Periodic Law,” 
Nature, 1892, 41 , 186. 

^ Probably a misprint, as bismuth does not fall on the same Ime in the 
table. 
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these lines we find hydrogen and zinc on the one hand, bromine, 
iodine, copper, and lead on the other; parallel to the second 
line we find lithium, sodium, potassium, manganese, etc.” 

On Fig. 1 , p. 49, will be found the representation of the first 
two turns of de Chancourtois’ helix, the surface of the cylinder 
being developed on the plane surface of the paper, and it will 
be seen that the elements which lie on the same generating 
line do belong to the same family. 

27 Very shortly afterwards (1864) several similar attempts at 
a classification of the elements as a whole were made inde- 
pendently by Newlands,^ who arranged the elements in order 
of their atomic weights, and finally placed them in seven hori- 
zontal series, each consisting of eight members, as shown in the 
following table : 


H 

F 

Cl 

Co,Ni 

Br 

Pd 

I 

Pt 

Li 

Na 

K 

Cu 

Rb 

Ag 

Cs 

Os 

G1 

Mg 

Ca 

Zn 

Sr 

Cd 

Ba 

Ilg 

B 

A1 

Cr 

yt 

Ce 

U 

Ta 

Tl 

C 

Si 

Ti 

In 

Zr 

Sn 

W 

Pb 

N 

r 

Mq 

As 

Di 

Sb 

Cb 

Bi 

0 

s 

Fe 

Se 

Rh, Ru 

Tc 

Au 

Th 


According to Newlands, the properties of an element in any 
vertical group are analogous to those of the elements in the 
corresponding position in the other groups. From analogy with 
the musical notes, he gave to this relationship the name of the 
“ Law of Octaves.” 

Both these proposals, however, received very little attention 
from chemists ; indeed, they seem to have been almost entirely 
forgotten. In fact, a systematic arrangement of the elements 
according to their atomic weights appeared to some chemists 
almost as absurd and unnatural as an alphabetical arrangement. 
In the year 1869, however, the same system of classification, 
but on a wider basis, was proposed by the Russian chemist 
Mendeleev , 2 without any previous knowledge of the work of 
the above-named chemists. His classification not only included 
the elements then known, but also left room for many elements 
at that time undiscovered. He showed that when the elements 

1 Che i,, News, 1864, 10 , 69, 94; 1865, 12 , 83, 94; 1866, 13 , 113, 130. Seo 
also Newlands, On the Discovery of the Periodic Law, 1884. (E. and F. N. 

Spon.) 

* Zeitschr. Chem , 1869, 405; Annalen, Suppl., 1872, 8, L13. 
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are arranged in the order of their atomic weights, they may be 
divided into groups, in each of which a similar gradation of 



Fig. 1. 


properties from element to element occurs, the properties of the 
elements thus appearing as periodic functions of the atomic 
weight. 
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At a slightly later date, Lothar Meyer, ^ continuing his in- 
vestigation of the relations between the elements, which had 
already led to the publication of the table given on p. 45, inde- 
pendently put forward views which were almost identical with 
those of the Eussian chemist, and it is to these two investigators 
that the chief developments of the natural classification of the 
elements are due. 


The Periodic System. 

28 In his original paper,^ Mendeleev sums up his conclusions 
as follows : 

(1) The elements, if arranged according to their atomic weights, 
exhibit an evident jperiodidly of properties. 

(2) Elements which are similar as regards their chemical 
properties have atomic weights which either have nearly the 
same value (e.^r., platinum, iridium, osmium), or increase 
regularly (e.^., potassium, rubidium, C80sium). 

(3) The arrangement of the elements, or of groups of elements, 
in the order of their atomic weights corresponds to their so- 
called valencies as well as, to some extent, to their distinctive 
chemical properties — as is apparent, among other series, in that 
of lithium, glucinum, boron, carbon, nitrogen, oxygen, and 
fluorine.* 

(4) The elements which are most widely diffused have s^mll 
atomic weights. 

(5) The magnitude of the atomic weight determines the 
character of the element just as the magnitude of the molecule 
determines the character of a compound body. 

(6) We must expect the discovery of many yet unknown 
elements, eg,, elements analogous to aluminium and silicon, 
the atomic weights of which would be between 65 and 75. 

(7) The atomic weight of an element may sometimes be 
amended by a knowledge of those of the contiguous elements. 
Thus the atomic weight of tellurium must lie between 123 and 
126, and cannot be 128. 

(8) Certain characteristic properties of the elements can be 
foretold from their atomic weights. 

^ Annalen, SuppL, 1870, 7, 364. 

‘ J, Russ. Phys. Chem Soc., 1869, 1; quoted in Faraday Lecture, Journ, 
Chem. Soc , 1889, 65, 034. 

* Harium and iron are printed by mistake in the English origmal (loc, cit.) 
instead of boron and fluorine. 
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In the table given on pp. 52-53 the elements are arranged 
according to the system of Mendeleev and Lothar Meyer, with 
the addition of a group numbered zero, containing the helium 
family of elements,^ and it will be seen that they fall into nine 
groups, each group occupying one of the vertical columns in the 
table, whilst there are twelve horizontal series or periods. The 
members of each group show in most cases a close connection 
with each other, which is most noticeable in the case of elements 
belonging to alternate horizontal series. In the table, therefore, 
the elements in each group are arranged on alternate sides of 
the column, each group becoming thus divided into two sub- 
groups, the members of one of which are situated in the even 
horizontal series, whilst the others fall in the odd series. Thus 
in the second group we have the two sub-groups, Gl, Ca, Sr, 
Ba, Ra, situated in the even horizontal series, and Mg, Zn, Cd, 
Hg in the odd. The eighth group is somewhat anomalous, 
as it appears to occur only in the even periods or series, and, 
unlike the other groups, always contains three members, the 
atomic weights of which are more nearly equal than is usually 
the case. 

An inspection of the table shows that the first group contains 
all the alkali metals, the second group those of the alkaline 
earths, and also the metals glucinum, magnesium, zinc, cad- 
mium, and mercury. In the third group we find the family, 
aluminium, gallium, and indium ; in the fourth, carbon, silicon, 
titanium, zirconium, and tin; in the fifth, nitrogen, phosphorus, 
vanadium, arsenic, antimony, and bismuth ; in the sixth, oxygen, 
sulphur, selenium, and tellurium; and in the seventh, the 
halogens. The eighth group includes, in addition to the closely 
allied metals, iron, cobalt, and nickel, the whole of the elements 
known as the platinum metals. In almost all these cases, 
the elements mentioned had been classed as members of the 
same family before Mendeleev’s work was published, and their 
continued occurrence in the same group is strong evidence in 
favour of the general correctness of his views. 

Cases will be observed, however, in which there is no very 
evident connection between members of the two sub-groups 
comprised in the same group, as, for example, in the case of 
silver, copper, and gold on the one hand, and the alkali metals 
on the other, in the first group; a considerable number of 

1 Ramsay, Ber.f 1898, 31» 3111; Mendeleev, Principles of Chemistry (1906), 
vol. ii., p. 20. 
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resemblances can indeed be traced, but these are not so prominent 
as to have led previously to these elements being classified 
together. In the sixth group also there is very little obvious 
connection between chromium, molybdenum, and tungsten on 
the one hand, and the elements of the sulphur group on the 
other, nor in the seventh group between manganese and the 
halogens. It will, however, be noticed that in all these cases 
the elements in question come either just before or just after the 
occurrence of the eighth group, and it is probable that their 
somewhat peculiar relationship is connected with the existence 
of this group. 

Mendeleev suggested an alternative method of tabulation 
which overcomes certain of these difficulties, and, with some 
modifications and additions, this is given on page 55. The 
elements forming series 2 and 3 (pp. 52-53), i.e., those which 
have the lowest atomic weights, and which differ in many 
respects from the members of the same groups having higher 
atomic weights, are regarded as typical elements, and the 
remainder are arranged in double periods, each consisting of an 
odd and an even series of the first table. The two sub-groups 
into which each group in the table pp. 52-53 is divided are thus 
separated, the even series coming at the commencement of the 
long period, the odd series at the end, and the elements of 
group VIII in the centre. 

The typical elements are probably best regarded as being 
common to both the sub-divisions of the group to wliich they 
belong. Thus Li and Na are common to the sub-groups headed 
by K and Cu ; G1 and Mg to those headed by Ca and Zn, etc.^ 

At either end of the typical series its members are much 
more closely related to one of the sub-groups than to the other, 
whilst towards the middle of the series this difference is not so 
striking. Thus Li and Na are more analogous to K, Rb, and Cs 
(even series, pp. 52-53) than to Cu, Ag, and Au; F and Cl, on 
the other hand, are more closely related to Br and I (odd series, 
pp. 52 -53) than to Mn, whilst C and Si show considerable 
analogy both to Ti and Ge.‘^ 

A comparison of the first two double periods (Nos. 3 and 4 

^ A table in which these relations are very clearly demonstrated has been 
published by Orme Masson, The Classification of the Chemical Elements (Neville, 
MuLen, and Slade, London and Melbourne). See also Richards, Amer» Chem. 
J , 1898, 20, 543. 

2 Abegg, J?€r., 1905, 38, 1386. 
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in the table, p. 55), which contain only one space to be filled 
by a missing element, shows the very complete analogy which 
exists between them. In the later double periods so many 
elements are at present missing that the relations are not so 
apparent, although in numerous cases they are still distinctly 
seen. This arrangement, moreover, corresponds more closley 
with the periodic variation in the physical properties of the 
elements (p. 58). 

As the atomic weight becomes higher, the change of properties 
in passing from any element to the one with the next higher 
atomic weight becomes less marked, and among those having 
the highest atomic weights, considerable resemblance is fre- 
quently noticed between two successive elements. Thus gold 
in many properties resembles both platinum and mercury, and 
lead is nearly related to thallium on the one hand, and to 
bismuth on the other. 

Chemical Properties in Relation to the Periodic 
System. 

29 The periodic variation of both physical and chemical pro- 
perties as we pass from group to group must now be considered, 
taking first the chemical properties. 

Group 0 is occupied by the monatomic gases of the helium 
family, which form no compounds. 

The most strongly electropositive elements known, the oxides 
of which act almost exclusively as bases, or at most as neutral 
substances, occur in groups I and II (table, pp. 52-5‘5), whilst 
the strongly electronegative elements, the chief oxides of which 
form strong acids, occur in the sixth and seventh groups. The 
third, fourth, and fifth groups occupy an intermediate position, 
the members of the third group yielding oxides which, with the 
exception of those of the elements having the lowest atomic 
weights, have for the most part basic properties, but frequently 
•act as acids towards stronger bases; in the fourth and fifth 
groups the acidic nature of the oxides is most prominent in the 
case of members of lower atomic weight, whilst the higher 
members show an increasing tendency to form basic oxides. 
Those members of the sixth and seventh groups which fall 
towards the centre of the double periods form both basic and 
acidic oxides, the acid-forming oxides being those containing 
the most oxygen, and generally corresponding in formula with 
the rcid-forming oxide:^’ of the other elements of the same vertical 
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group. The members of the eighth group usually form basic 
oxides, but the higher oxides of ruthenium and osmium are 
strong acid-forming oxides. 

Considering the arrangements in short and long periods (p. 55), 
it is seen that the elements of the helium group, which must be 
regarded as electrochemically indifferent, fall between the 
strongly electronegative halogens and the strongly electro- 
positive alkali metals. Towards the centre of the long periods, 
on the other hand, a more gradual change in chemical properties 
occurs, through the medium of the metals of group VIII. 

It is a remarkable fact that, excluding the first two series, only 
the elements of the odd series (pp. 52-5.3) form organometallic 
derivatives of the type MjRy, in which M is a metal and R a 
hydrocarbon radicle. The composition of these compounds 
corresponds with that of the volatile hydrogen compound formed 
by the typical elements of the group. Thus the compounds 
Zn(C2H5)2, Sn(C2H5)4, and Sb(C2H5)3 are known, whilst no such 
substances have been obtained from calcium, titanium, or 
vanadium. 


Valency. 

30 It has already been stated that the valency of an element 
cannot be regarded as constant, but that it varies according to 
the nature of the elements with which combination occurs. 
There is nevertheless, in general, a regularity in the valency 
of the elements in the majority of their compounds, and we 
usually speak of them as monovalent, divalent, etc., according 
to their behaviour in the most characteristic of their compounds. 
This typical valency shows in a marked manner a periodic 
variation with the atomic weight. 

The group numbered zero contains the remarkable monatomic 
elements of the helium group, which, so far as is at present 
known, form no compounds whatever, and must therefore be 
presumed to have zero valency. Group I contains the whole 
of the metals which are usually monovalent towards hydrogen, 
the halogens, and the alkyl radicles, and also to oxygen, the 
typical formulae of the compounds being M*R (R = HjCHgjCl, 
etc.) and M2^0. The metals of the second group act in most 
cases as divalent elements towards the halogens and alkyl 
radicles, and also to oxygen, the typical formulae being M^^Rg 
and M“0. In the third group we find the elements which are 
usually trivalent in their compounds both with hydrogen, or 
other monovalent radicles, and with oxygen, the typical formulae 
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of these being MP^Rg and In the fourth, we have the 

general formulae M^'^R4 and but, in addition, compounds 

are formed by these elements having the same general formula 
as those of group II. In all these cases it is found that among 
the members having the highest atomic weights the regularity 
is less marked; thus gold is more frequently tri valent than 
monovalent, thallium forms compounds in which the metal 
is monovalent, and lead in its most characteristic compounds is 
divalent. 

Passing on to the fifth group, it is found that the character- 
istic valency in the hydrogen compounds differs from that in 
the oxygen compounds, the members being trivalcnt in the 
hydrides and pentavalent in the highest oxides, the general 
formula) being and M2O5. They also form characteristic 

compounds with oxygen in which the metal is trivalent, and 
behave towards the halogens in the same manner as towards 
oxygen. In the sixth group the characteristic valency again 
becomes less towards hydrogen, the typical formula being 
whilst with oxygen they form the characteristic acid- 
forming oxides and with halogens the compounds M^^Clg. 

With oxygen and halogens they form, in addition, compounds 
having the same general formulae as those of the elements of 
groups II and IV. The members of the seventh group are, 
like those of the first, monovalent towards hydrogen, but they 
are heptavalent towards oxygen in their highest oxides, which 
have the general formula My^Oy. Many of them also form 
oxides corresponding to those of the first, third, and fifth groups. 

In the eighth group no very characteristic valency is notice- 
able, but it is only in this group that oxygen compounds con- 
taining an octa valent element are found ; only two of these are 
at present known, namely RUO4 and OSO4. A characteristic 
of many members of this group is the formation of stable complex 
cyanides, such as the ferrocyanides, in which the metal is con- 
tained in the acid radical, and also of the remarkable series of 
compounds derived from ammonia, such as the cobaltammonium 
and platinammonium salts. 

Physical Properties op the Elements in Relation to ' 
THE Periodic System. 

31 As with the chemical properties, so it is found that almost 
all the physical properties of the elements are periodic functions 
of the atomic weight. 
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(1) Specific Gravity and Atomic Volume. 

One of the most characteristic properties of the elements is 
their specific gravity in the solid or liquid state, which has been 
determined with considerable accuracy in the majority of cases. 
The following table gives the specific gravities at the ordinary 
temperature (water- - 1). 


Specific Gravity of the Elements. 


Aluminium . 

2-70 

Mercury (liquid) . 

13-55 

Antimony . 

6-62 

Molybdenum . 

9-0 

Arsenic 

5-72 

Neodymium . 

. C-96 

Barium .... 

3-8 

Nickel 

8-8 

Bismuth 

9-80 

Osmium . 

22-48 

Boron 

2-45 

Palladium 

. 11-5 

Bromine (liquid) 

3-14 

Phosphorus (yellow) 1-83 

Cadmium 

8-04 


. 2-20 

Caesium . 

1-88 

Platinum 

21-4 

Calcium . 

1-55 

Potassium 

. 0-8G 

Carbon (amorphous) 

1-7 -1-9 

Praseodymium 

. 6-47 

„ (graphite) . 

2-1 -2-3 

Bhodiuni 

12-1 

„ (diamond) . 

3-5 -3-6 

Rubidium 

. 1-52 

Cerium .... 

6-8 

Ruthenium 

. 12-26 

Chlorine (liquefi od ) 

1-44 

Samarium 

. 7-75 

Chromium . 

6-7 

Selenium 

4-3 - 4-8 

Cobalt .... 

8-6 

Silicon 

2-0 - 2-5 

Columbium 

8-4 

Silver . 

J 0-42-10-53 

Copper .... 

8-93 

Sodium 

0-97 

Gallium . 

5-92 

Strontium 

2-54 

Germanium 

5-46 

Sulphur 

1-92- 2-07 

Glucinum . 

1-93 

Tantalum 

16-6 

Gold . 

19-2 -19-4 

Tellurium 

6-25 

Indium 

7-2 

Thallium 

11-85 

Iodine 

4-94 

Thorium . 

11-0 

Iridium 

22-4 

Tin .... 

7-28 

Iron 

7-86 

Titamum . 

4-5 

Lanthanum . 

6-16 

Tungsten . 

19-1 

Lead 

11-34 

Uranium . 

18-7 

Lithium . 

0-53 

Vanadium 

5-5 

Magnesium 

1-74 

Zinc .... 

6-86- 7-2 

Manganese . . < 

7-39 

Zirconium . . 

6-4 
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.The following are the densities (water == 1), at their boiling 


points, of 

elements which are gaseous 

under atmospheric 

conditions 

— 



Argon . 

. . . . 1-405 

Krypton 

.... 2-155 

Chlorine 

. . . . 1-56 

Nitrogen 

.... 0-81 

Fluorine 

. . . . 1-14 

Oxygen 

.... 1-118 

Helium 

. . . . 0-12 

Xenon . 

.... 3-52 

Hydrogen 

. . . . 0-07 




The specific gravity of a given element often varies slightly, 
not only with the temperature, but also with the physical 
condition. Thus cast metals, or metals deposited electrolytically, 
become denser when rolled and hammered, electrolytic copper 
having a sp. gr. of 8*952, which rises to 8*958 when rolled, and 
cast zinc a sp. gr. of 7*0, whilst that of rolled zinc is 7*2. The 
different allotropic modifications of the same clement also have 
as a rule different specific gravities, but in all these cases the 
difference is usually small compared with the differences between 
the numbers for the different elements. 

The periodic variation of the specific gravity at once becomes 
manifest if the numbers are placed under the symbols of the 
elements in the periodic table. Thus, taking the second typical 
period and first double period, we have the following : - 



Na 

Mg 

A1 

Si 

P S 

Cl 

Sp. gr. 

0-97 

1-74 

2-70 

2-5 

2-0 1-9 

1-1 

K Ca 

Sc 

Ti 

V 

Cr 

Mil Fe Co 

Ni 

0-86 1-6 

— 

4-5 

5-5 

6-7 

7-4 7-9 8-6 

8-8 

Cu 

Zn 

C!a 

Ge 

As 

Sc Br 


8-9 

7-0 

5-9 

5-5 

5-7 

4-4 3-1 



The specific gravity is low at the beginning of both periods, 
increases regularly to a maximum in the middle, and then 
decreases until it has again become very low at the end of the 
periods. It has already been noted that the difference between 
the atomic weights of the successive elements forming the 
centre of the double period is smaller than the average, and it 
will be observed that the variation of specific gravity also is 
less for these elements. 

32 These relations become more strongly marked if, instead 
of the specific gravities, we take the aton^ic volumes, f.e., the 
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numbers of cubic centimetres which would be occupied by the 
atomic weights of the elements in grams. If these are arranged, 
as suggested by Lothar Meyer, so that the ordinates represent 
the atomic volumes, and the abscissae the atomic weights, and 
the points denoting the atomic volumes are then joined, we 
obtain a line ^ which exhibits the periodic relations in a graphic 
manner. 

This diagram is shown on p. 62, up to and including barium : 
after this metal the number of gaps due to incompletely investi- 
gated or missing elements becomes so large that the diagram is 
very incomplete, and this portion has therefore been omitted. 

It will be seen that the atomic volume reaches a maximum at 
the commencement of each of the two typical periods and then 
at the commencement of the double periods, falling to a minimum 
at the middle and then again rising to the end of the period, 
and from the last member of each period a further rise is observed 
to the initial member of the next. This diagram, moreover, 
brings out relationships which are not otherwise so readily 
perceived. Thus elements the atomic volumes of which are very 
nearly equal possess very different properties according as they 
are on an ascending or a descending portion of the line, or, in 
other words, according as they have a smaller or larger atomic 
volume than the element having the next higher atomic weight, 
l^his is exemplified in the cases of aluminium and phosphorus, 
chlorine and calcium, molybdenum and cadmium, etc. Ele- 
ments which are characterised by the properties of ductility 
or brittleness always occur in corresponding positions in the 
diagram, the ductile elements being found at a maximum or 
minimum, or immediately following the latter. The periodic 
variation in these properties is clearly indicated in the 
diagram. 

The work of Richards “ has shown that the line representing 

1 Mendeleev points out that this diagram is open to the objection that it 
does not indicate that there is only a limited and definite number of elements 
in each period, but might be taken to imply that any number of elements 
might occur in each period ; thus, for example, it might be assumed that an 
element of atomic weight 25 might exist between Mg and Al, having an atomic 
volume of about 13 and properties intermediate between those of the two 
metals named; for such an mferenco there is in reality no ground, and it 
must therefore be borne in mind that the line joinmg the points representing 
the atomic volumes is not a true curve, such as, for example, those represent- 
ing the solubilities of salts, but is simply drawn to render the periodic 
variation more evident to the eye. 

* See Journ. Chem. Soc.t 1911, 99 , 1214. 
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Fig. 2 — Lothar Meyer’s Atomic Volume Diagram. 







MELTING AND BOILING POINTS OF THE ELEMENTS. 63 


the variation of compressibility of the solid elements with their 
atomic weight runs parallel to the atomic volume line, and this 
suggests that atomic volume and compressibility are funda- 
mentally connected. According to Richards’ theory of com- 
pressible atoms, this connection is a natural one, for it is to be 
expected that the atoms with a large volume should be more 
compressible than those which have a small volume and arc 
therefore presumably under great cohesive pressure. 

(2) Melting Point of the Elements. 

33 Another characteristic property of most elementary sub- 
stances is the melting point, although this has not been accur- 
ately determined in the case of so many elements as the specific 
gravity, chiefiy owing to the difficulties of obtaining correct 
results for those elements which melt either at a very high or a 
very low temperature. The following list gives the melting 
points and boiling points of the elements, so far as definite 
values are available (Landolt and Bornstein).^ 


Melting and Boiling Points of the Elements. 


Helium 

Hydrogen 

Oxygen 

Fluorine 

Nitrogen 

Argon . 

Krypton 

Xenon . 

Chlorine 

Mercury 

Bromine 

Caesium 

Gallium 

Rubidium 

Phosphorus 

Potassium 

Sodium 

Iodine . 


Melting point. 

- 258-9° C. 

- 227 

- 233 

- 210-5 

- 187-9 

- 169 

- 140 

- 101-5 

- 38-8 

- 7-3 
26-5 
30-1 
38-5 
44-3 


Boiling point. 

- 268-7° C. 

- 252-6 

- 182-5 

- 187 

- 195-5 

- 186-1 

- 151-7 

- 109-1 

- 33-7 
357 

58-6-63-0 

670 

696 

287-3 

757-5 

877-5 

184-3 


62-5 
97-6 
113-0 

See also Barker, Proc. Roy. Institution, 1912. 
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Molting point. 

Boiling point. 

Sulphur .... 

{ 112-8“ C. 

■ \ 119-2 ■ ■ 

. 444-6° C. 

Indium . . . 

155 . . 

— . 

Lithium 

. 179 . . 

— 

Selenium . 

. 217 . . 

690 

Tin . . . 

. 231-9 . . 

. ca. 2270 

Bismuth .... 

. 270 

1420-1435 

Thallium . . 

. 303 

. ■ — ■ 

Cadmium . . 

. 321 . . 

. 778 

Lead . . 

. 327 

. 1525-1580 

Zinc .... 

419 

. 918 

Tellurium . 

. 465 

1390 

Cerium . . 

623 

— 

Antimony . 

630 . . 

. ca. 1440 

Magnesium 

650 . . 

ca. 1120 

Aluminium 

657 . . 

. ca. 1800 

Calcium . . 

800 . . 

— 

Strontium . 

. oa. 800 

• — 

Lanthanum 

810 

— 

Neodymium 

. 840 

— 

Barium 

850 

— 

Praseodymium 

. 940° . . 


Germanhim 

. ca. 958 

— 

Sliver ... 

961 . . 

ca. 2000" 

Gold ... 

1064 . . 

— 

Copper 

. 1083 . . 

— 

Manganese 

ca. 1240 . . 

. ca. 1900 

Nickel . . 

. 14.52 . . 

— 

Cobalt .... 

. 1490 . . 

— 

Iron ... 

ca. 1520 . . 

. ca. 2450 

Palladium . 

. 1549 . . 

— 

Chromium .... 

ca. 1550 . . 

. ca. 220 

Vanadium .... 

ca. 1080 . . 

— 

Platinum .... 

.1750 

. — 

Columbium (Niobium) 

ca. 1950 . . 

— 

Molybdenum . . . 

ca. 2110 . . 

— 

Tantalum .... 

ca. 2250 . . 

— 

Iridium .... 

ca. 2300 . . 

. — 
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The boiling points of certain metals have also been deter- 
mined in a high vacuum by Krafft,^ with the following results : 

Mercury . . . 155"^ C. Zinc .... 550° C. 

Potassium . . 365 Bismuth . . . 993 

Sodium . . . 418 Silver . . . 1360 

Cadmium . . 450 

It has, moreover, been shown by Moissan ^ that all the metals, 
without exception, can be boiled under atmospheric pressure in 
the electric furnace, the temperature of which is probably not 
greater than 3500° C. 

Carnelley has published a series of important papers,® dealing 
with the melting points of the elements, and has shown that, 
like the specific gravities, these also are periodic functions of 
the atomic weight. This is readily seen from the following 
table (p. 66) taken from one of Carnelley’s papers, with some 
modifications of the numbers, rendered necessary by more recent 
determinations of the melting points of some elements. The 
numbers are in many cases only approximate, and all are given 
in absolute temperatures, taking — 273° C. as zero. 

If the melting points are mapped out in the same manner as 
the atomic volumes, a periodic curve is obtained, in which, 
however, the maxima occur in the centre of the second and 
third periods, and afterwards in the centre of the double periods, 
whilst the minima occur at the ends. 

Carnelley has further shown that the melting points of analo- 
gous compounds of the elements exhibit the same periodic 
variation with the atomic weight as those of the elements 
themselves. 


(3) Conductivity of Metals. 

34 The conductive power of the metals for heat and electricity, 
which is almost invariably far greater than that of the non- 
metals and all chemical compounds, varies considerably also 
in the different metals, and even in the same metal, according 
to its physical condition and chemical purity. The order of 
conductive power of the metals is the same for both heat and 

1 Bar., 1905, 38, 202. 

2 Compt, rend.t 1900, 142, 180, 425, 673. 

3 Fublisliod m Jouni. Chem. jSoc., Proc. Roy, Soc., and Phd Mag, from 1876 
onwards. 

* Phil, Mag., 1879, [5], g, 315. 
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electricity, a fact first pointed out by Forbes ^ in 1 833. Generally 
speaking, tlie soft metals conduct best, and the conductivity of 
all metals becomes lower as the temperature rises. Dewar and 
Fleming ^ have shown that, as the temperature is lowered, the 
conductivity of all metals tends to become more nearly equal, 
and the curves representing the conductivity at different tem- 
peratures indicate that at the absolute zero the conductivity of 
all of them would become perfect, or, in other words, at that 
temperature the resistance would be niL 
These properties, as well as almost all the other physical 
I)roperties of the element, such as volatility, magnetic and 
diamagnetic properties, heats of formation of compounds, 
thermal expansion, formation of coloured ions, and even elas- 
ticity and breaking strain, indicate the same general periodic 
variation as has already been shown for the specific gravity, 
compressibility, and melting point; space will not permit the 
discussion of these here, but for details reference may be made 
to Lothar Meyer’s Modem Theories of Clmmslry, translated by 
Bedson and Williams (Longmans).^ 

35 There is, however, one important physical property which 
does not exhibit this periodic variation, viz., the atomic heat. 
As already shown (p. 16), this is approximately constant, and 
the fact is made use of in determining the true atomic weight 
of an element from its equivalent. The exceptions to this rule 
are found among those elements of low atomic weight which fall 
below an oblique line drawn across Lothar Meyer’s diagram 
from the commencement to the vertical line representing an 
atomic weight of 40 (sec Fig., p. 62), whilst those above the 
line follow the law. Without reference to the diagram, this may 
be expressed by saying that of the elements having an atomic 
weight of less than 40, only those agree with Dulong and Petit’s 
rule at the ordinary temperature the sp. gr. of which in the solid 
state is less than 1*75. However, for all elements the specific 
heat is a function of the temperature approximating to zero 
before the absolute zero of temperature is reached. 

1 Phil. Mag , 1833, 4, 27. 

2 Ibid., 1893 [5], 36, 271. 

2 See also Rudorf, The Periodic Classification and the Problem of Chemical 
Evolution (London and Now York, Whittaker & Co, 1900); Richards, 
Faraday Lecture, Jomn. Chem. Soc., 1911, 99, 1201. 
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Correction of JDoubtful Atomic Weuoits. 

36 The periodic arrangement of the elements has proved of 
great value in checking doubtful atomic weights. In 1869, when 
Mendeleev first promulgated his theory, the atomic weights 
then accepted for many elements did not allow of their being 
placed in a position corresponding to their properties, and 
Mendeleev boldly concluded that in such cases either the equiva- 
lent had been wrongly determined, or an incorrect piultiple of 
the latter had been taken for the atomic weight. In almost 
every instance subsequent research has justified this conclusion. 
Thus, for example, the atomic weight of molybdenum was 
given by some chemists as 92, and by others as 96, and, as the 
former figure placed the metal before the penta valent columbium, 
Mendeleev adopted the number 96, which placed it in the same 
group as chromium; this is now the accepted value. Again, 
the atomic weights of the four elements, gold, platinum, iridium, 
and osmium, were at that time taken as Au 195*2, Pt 195*7, 
Ir 195*7, and Os 197*6, whereas according to the requirements 
of the periodic system the order should be reversed, osmium 
having the lowest and gold the highest atomic weight ; this also 
has been proved by the redeterminations made by Lothar Meyer 
and Seubert, Thorpe and Laurie, and Kruss, the numbers now 
adopted being Os 190*9, Ir 193*1, Pt 195*2, and Au 197*2. 

The atomic weight of indium was at first taken as 75*2, and 
the formula of the chloride as InClg, but for an element of this 
atomic weight no place was available in the periodic system ; if, 
however, the formula of the chloride is taken as InClg, the 
atomic weight becomes 112*8, and the element then falls 
naturally between cadmium and tin, and in the same group as 
aluminium. Determinations of the specific heat of the metal 
and the vapour density of the chloride have subsequently proved 
the correctness of the supposition. Uranium was formerly 
supposed to have an atomic weight of 60, and later, of 120, 
neither of these numbers fitting into the periodic system. The 
metal, however, falls in naturally if the atomic weight be about 
240, and this was confirmed by Roscoe’s determination of the 
vapour density of uranium chloride, UCI5, and by Zimmermann’s 
determination of the specific heat of the metal. Another element 
the atomic weight of which was doubtful was glucinum, which was 
regarded by some as a divalent metal of atomic weight 9, and 
by others as a trivalent metal of atomic wfight 13*5. The 
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determination of the vapour density of glucinum chloride has 
now shown that this has the formula GICI2; the atomic weight 
must therefore be 9, which agrees with the demands of the 
periodic system. 

37 In the table given above (pp. 52-53) the sequence of 
atomic weights has been broken in three places in order to 
maintain certain elements in the groups to which their chemical 
and physical properties assign them; argon (39*9) precedes 
potassium (39*10); tellurium (127*5) precedes iodine (126*92); 
and cobalt (58*97) precedes nickel (58*68). The chemical 
properties of argon and tellurium are so well marked that there 
seems no doubt that these elements have been correctly placed, 
and there is at least a possibility that more extended investi- 
gation may show that their atomic weights are not so high as 
they are at present thought to be. Cobalt is usually placed 
before nickel, both on account of its physical and chemical 
relations to iron and nickel, and because of the close analogy 
which many of its compounds present to those of rhodium and 
iridium. These reasons cannot, however, be considered as 
having the same weight as those which apply to argon and 
tellurium.^ 


Existknc’e of Unknown Elements. 

38 The arrangement of the elements according to the periodic 
system leaves, as already seen, a number of blanks, which 
Mendeleev assumed were to be filled by elements then undis- 
covered, and he suggested that, from the properties of the 
elements with the next higher and lower atomic weights, and 
from those of the other members of the same group, it was 
possible to predict very closely the properties such elements 
would have when discovered. Thus, for instance, were selenium 
unknown, its properties could be largely predicted from those of 
arsenic and bromine on the one hand, and of sulphur and tel- 
lurium on the other, these elements being termed by Mendeleev 
the “ atom analogous ’’ of the element in question. At that 
time there were three gaps for elements with atomic weights 
less than 75, namely, one having an atomic weight of 44, corre- 
sponding to boron, one of atomic weight about 69, corresponding 
to aluminium, and one of atomic weight 72, corresponding to 

^ For a discussion of the evidence bearing on the atomic weight of telluiium, 
see vol i., p. 4S5. 
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silicon. To these hypothetical elements Mendeleev gave the 
names Ekaboron, Ekaluminium, and Ekasilicon ^from the 
Sanskrit, Eka^ one), and, proceeding in the manner indicated, 
he gave in considerable detail the properties such elements 
would possess. In less than twenty years his predictions were 
completely verified by the discovery of gallium by Lecoq de 
Boisbaudran in 1875, of scandium by Nilson in 1879, and of 
germanium by Winkler in 1887. The first is Mendeleefi’s 
ekaluminium, the second ekaboron, and the third ekasilicon, 
and the striking manner in which the forecast was fulfilled in 
each case may be seen from the following table, in which the 


predicted properties and those 
in parallel columns. 

Ekaboron. 

At. wt. 44. 

Oxide EbgOa, SP- 3*5. 
Sulphate Eb2(S04)a. 

Double sulphate not iso- 
morphous with alum. 

Ekaluminium. 

At. wt. 68, sp. gr. 6-0. 

Ekasilicon 

At. wt. 72, sp. gr. 5*5. 

Oxide, EsOg, sp. gr. 4-7. 
Chloride, EsC^, liquid, boiling 
slightly below 100'^, sp. gr. 

1*9. 

Ethide, Es(C2n5)4, liquid, boil- 
ing at 160°, sp. gr. 0-96. 

Fluoride, ESF4, not gaseous. 


actually observed are arranged 

Scandium. 

At. wt. 44*1. 

SC2O3, sp. gr. 3-86. 

803(804)3. 

803(804)3, 3K28O4— slender 
prisms. 

Gallium. 

At. wt. G9-9, sp. gr. 5-92. 

Germanium. 

At. wt. 72-5, sp. gr. 5*46. 

Oxide, GeOg, sp. gr. 4*7. 

Chloride, GeCl4, liquid, boiling 
at 86°, sp. gr. 1*887. 

Ethide, Ge(C2ll5)4, liquid, boil- 
ing at 160°, sp. gr. slightly . 
less than that of water. 

Fluoride, GeF4,3H20, white, 
solid mass. 


39 From the above it will be seen that the periodic system 
of classification rests on a very firm basis, the successful prediction 
of the properties of undiscovered elements forming very strong 
evidence in favour of the general plan. In certain respects the 
system will doubtless undergo modification as our knowledge 
increases, for difficulties occur which cannot at present be ex- 
plained. Thus there are elements sometimes in the same group 
between which only a limited amount of analogy can be traced. 
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and, on the other hand, elements which have a good deal in 
common are sometimes separated widely. 

It is now realised that just as, according to the scheme on 
p. 55, the two first short periods are followed by two longer 
periods, so after this must come even longer periods, containing 
thirty-two elements instead of the eighteen in the preceding 
ones. In general, it is probable that a period consists of the 
elements between two inert gases, and this interval becomes 
longer as we pass down the table. According to this, the old 
difficulties that were met with in trying to find places for the 
elements of the rare earths disappear, as it is no longer ex])ected 
that elements in the middle of a period should correspond very 
closely with the middle members of a shorter period. 

A further dilficulty is found in the anomalous position of 
hydrogen, which forms the sole member of the first series at 
present known, and which in its properties differs to so great an 
extent from all other known elements. It resembles the alkali 
metals inasmuch as it is monovalent and strongly electro- 
positive, but differs very greatly from them in other respects. 
On the other hand, it has been maintained ^ that hydrogen 
as a monovalent, diatomic gas falls naturally at the head of 
the halogen group, and the great similarity in properties of the 
hydrocarbons to their halogen substitution derivatives is adduced 
as evidence of chemical analogy between hydrogen and the 
halogens. This relation, moreover, appears to accord better 
with the sequence of atomic weights, the difference between 
hydrogen and fluorine being 18, whilst that between hydrogen 
and lithium is 6, a number much lower than is observed else- 
where between two members of a vertical group. 

Mendeleev himself regarded hydrogen as standing at the head 
of group L, and as being one of a series consisting of two elements 
only, the missing element being a member of the helium family, 
of atomic weight less than 0*4. Mendeleev further suggested ^ 
that this element may be identical with the unknown element 
coronium, to which certain lines of the spectrum of the outer- 
most region of the solar corona have been ascribed. He 
also put forward the surmise that the ether itself may in reality 
be composed of atoms of an element of about one-millionth of 
the atomic weight of hydrogen, which he places in a zero series 
preceding that containing hydrogen. 

^ Ormo Masson, Chem, News, 189(5, 72, 28.3. 

Principles of Chemistry, vol. ii , Appendix 111. (Longmans, Green &^Co , 
London,^1905). ' 
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Many attempts have been made to modify Mendeleev’s table, 
so as to reduce the number of anomalies and bring out more 
clearly the relations between the elements, but none of these 
proposals has as yet been generally accepted. ^ 


Atomic Numbers. 

40 The inner meaning of the periodic law has recently become 
more clear as the outcome of, chiefly physical, research. It has 
already been stated that experiments on the scattering of fz-rays 
have shown that the positive charge of an atom is concentrated 
in a volume extremely minute compared to that of the atom as 
a whole, as estimated on the kinetic theory of gases and in other 
ways, so that it must be supposed that the negative electrons 
which balance this positive charge are grouped around it as a 
nucleus in such a way as to occupy a volume more nearly equal 
to that of the atom as ordinarily determined. 

Evidence has now been found suggesting, almost to the point 
of certainty, that successive elements in the periodic table 
differ from each other by one unit charge on the nucleus and 
therefore by one electron in the surrounding layers of these. 
This is indicated approximately by determinations of the number 
of electrons present in the atoms of various elements by the 
scattering of X-rays, ^ and ^-rays ® and also by determining the 
positive charge directly by the scattering of a-rays,^ but, at 
first, none of these methods was very precise. Very clear and 
precise evidence for this postulate was afforded, however, by 
Moseley’s ® study of the characteristic X-rays emitted by different 
elements when excited by bombardment with cathode rays, 
Moseley found that the square roots of the frequencies of these 
characteristic X-rays formed, to a very high degree of accuracy, 
a uniform arithmetical series as successive elements were taken 
in turn and, to account for this, theory required that the charge 

^ iSee on this point, Rudorf, The Pericdtc Classificatwn and the Problem of 
Chemical Evolution (Whittaker & Co., London and New Yoik, 1900), where 
references to the literature up to 1900 will be found ; Werner, iier., 1905, 38i 
914; Armstrong, Proc. Rot/, Soc., 1902, 70, 86; Reynolds, Journ. Chem. Soc., 
1902, 81, 612; Zengelis, Chem, Zeit,, 1906, 25, 294; Schmidt, Zeit, physikal, 
Cherny 1911, 76, 661; Baur, ibid,, 1911, 76, 669; Sanford, J, Amer, Chem, 
Socy 1911, 33, 1349. 

2 Ba/kla, Phil, Mag., 1922, 21, [6], 648. 

3 Crowther, Proc, Roy. Soc , 1910, [A], 84, 226. 

* Rutherford, Phil. Mag , 1911, 21, [6], 669. 

» Phil. Mag., 1913, 26, [6], 1024; 1914, 27, [6], 703. 
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on the nucleus should increase by unity on passing from each 
member to the next higher one. 

Very strong confirmatory evidence for this is found in the 
facts of radioactivity (y.-y.). Whenever a radioactive change 
occurs either an a-particle, which has two positive charges, or 
a )5-particle, which is a negative charge, is expelled, and the 
energy changes associated therewith compel the supposition 
that they come from the nucleus itself. Consequently, the 
former change must reduce the positive charge on the nucleus 
by two units and the latter increase it by one. Now it is found 
as a perfectly general law, known as Soddy’s law, that the 
change associated with the expulsion of an a-particle gives rise 
to a product which must be classified in the next lower group 
but one to the parent substance, whilst in those changes where 
a /?-particle is expelled the product appears to belong to the 
next higher group in the periodic table — a result in perfect 
harmony with that obtained by Moseley. 

If the elements are written out in the order in which they 
occur in the periodic table and numbered so that hydrogen is 1, 
sodium 11, aluminium 13, and so on, these figures, at the sug- 
gestion of van den Broek,^ are called the atomic numbers of 
tlie elements, and it is natural to suppose that these atomic 
numbers give the actual number of positive charges on the 
nucleus of the atoms. That this is so has been confirmed by 
the more accurate work on the scattering of a-particles by 
Chadwick.2 The atomic numbers of all the known elements 
between sodium and lead, with the exception of the inert gases, 
have been determined by this method or modifications thereof, 
and in particular de Broglie ^ has studied some of the elements 
of higher atomic weight, including thorium and uranium, and in 
all cases the atomic numbers obtained experimentally conform 
to those obtained by numbering the elements in the order in 
which they appear in the periodic table, assuming only five 
unknown elements. Two of these, of atomic numbers 43 and 
75 respectively, occur under manganese in group 7 a, where there 
are known vacancies in the periodic table; another, of atomic 
weight 75, occurs before osmium where there is a vacancy under 
iodine; another, of atomic number 87, occurs where there is a 
vacancy under caesium in group 1 a ; and the last, of atoMic 
number 61, appears amid the rare earths. 

1 Phys, Zeit., 1913 , 14 , 32 . 2 Mag., 1920 , 40 , [ 6 ], 734 . 

* Compt. rend., 1916 , 165 , 87 , 352 . 
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The rare earths are particularly interesting from this point 
of view, as it is now known that barium has the atomic number 
56 and tantalum 73, so there is room for only sixteen elements 
between them, fifteen of which are known. This knowledge is 
of great use, since the difficulties of separating the rare earths 
are such that previously it could not be determined how many 
there might be and much time might have been wasted in 
endeavouring to isolate new elements that did not exist. 

In the three anomalies of the periodic table (p. 69), the atomic 
numbers determined experimentally confirm the order of the 
table and not that of the atomic weights. Thus the atomic 
number of chlorine is 17, of potassium 19, and of calcium 20, 
leaving 18 for argon and thus bringing it before potassium in 
spite of the lo\yer atomic weight of the metal. Similarly, tlie 
atomic number of cobalt is 27 and that of nickel 28, in spite of 
tlic atomic weight of the latter being lower. Hence it must be 
supposed that atomic numbers are more fundamental than 
atomic weights, a conception that is confirmed by the facts 
considered in the next paragraph. 


IsoTorES. 

41 Since, in radioactive changes, both a- and jS-particlcs are 
expelled and it must be supposed that both these come from 
the nucleus, it follows that, in some cases at least, the nucleus 
must be complex, containing both positive and negative charges, 
and the atomic number gives the net, not the absolute, number 
of positive charges on the nucleus. Consequently, it should be 
possible to have different complex nuclei with the same net 
positive charge giving rise to atoms of the same atomic number 
but of different masses. 

The case arises frequently and obviously among the radio- 
active elements where the expulsion of an a-particle is followed 
by that of two ^-particles, thus restoring the net nuclear charge, 
but reducing the mass by that of the a-particle, that is, by four 
units. Soddy introduced the term isotopes for all elements 
having the same atomic number, but with nuclei which, except 
for their net charge, differed in any way. In their purely chemical 
properties, isotopes were found to behave identically, indicating 
that these were determined by the number and arrangement of 
the electrons surrounding the nucleus, but the radioactive 
properties, which are dependent upon the constitution of the 
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nucleus itself, are different, as would also be any properties 
dependent primarily, or even partly, upon mass. 

Chemical properties, tlierefore, depend, not upon the mass of 
the atom, but on the atomic number, and it is only the fact that 
the atomic weights of elements, as ordinarily determined, arc 
approximately proportional to the atomic numbers that enabled 
the periodic law to be discovered in the way that it was. 

An interesting case of isotopy arises from branching radio- 
active decompositions. Thus radium C^ decomposes in two 
ways : (1) by loss of an a-pai*ticle it becomes radium Cg, which 
by loss of a /?-particlc is converted into an isotope of lead, which, 
so far as is known, undergoes no further change, and (2) by loss 
of a /7-particlc radium "Ci becomes radium C, which, by loss of 
an a-particle then becomes radium D, also an isotope of lead, 
but now capable of further radioactive change. These two 
isotopes then have the same atomic weight, since each was 
formed from radium Oj by the loss of one a- and one /^-particle, 
but they have different radioactive properties, showing that 
these are dependent on the arrangement, as well as on the number, 
of the charges on the nucleus. The study of the equivalent of 
lead {q»v.) from different sources, uranium, thorium, and non- 
radioactive minerals, has completely confirmed the existence 
of isotopes. 

The densities of isotopes have been found to be proportional 
to their atomic weights, so that their atomic volumes are the 
same. KSimilarly, the solubilities of compounds of isotopic 
elements are the same when expressed in gram-molecules 
per litre, but differ in absolute weights per litre in conformity 
with the different weights composing the gram-molecule. 
The spectra of isotopes were at first thought to be identical, 
but recently^ slight differences have been reported, indicating 
that the mass of the nucleus is a factor, even though only a 
small one, in determining the frequency of vibration of the 
electrons in the atom. 

It is of interest to learn whether isotopes occur among the 
ordinary, as well as among the radioactive, elements, and this 
question has been answered in the affirmative by the work of 
J. J. Thomson - and Aston ® on positive ray analysis. If volatile 

^ Melton, Pioc. Mot/. iSoc., l‘.)20, 96 , [^IJ. 388. 

- 8ir J. J. Thomson, Positive May Analysis. 

3 Phil. Mag.y 1920, 40 , [6J, 628; Joarn. Chem. Sor., 1921, 119 , 677. See 
also F. W Aston, Isotopes, 1922. 
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substances are introduced into a Crookes tube of which the 
cathode is pierced with a small hole, on passing the current 
positive ions are driven through the perforation in the cathode 
and may be focussed by means of successive electrostatic and 
magnetic fields into a sort of “ spectrum,” the lines of which 
correspond to a definite ratio of mass to charge. By the action 
of the discharge in the tube some of the molecules of the gas 
inside are decomposed and specimens of all the atoms obtainable 
from the substance as well as molecules are driven as ions through 
the cathode and their presence is registered by a photographic 
plate placed at the focus of the “ spectrum.” Some of the ions 
will have two or even more charges, giving rise to lines corre- 
sponding to the spectra of the second and third order in the 
case of the ordinary light spectrum, but this rarely introduces 
any ambiguity, and is sometimes of assistance. In this way, 
the masses of the various particles present in the tube may be 
determined with an accuracy of about one part in one thousand. 
As a result, it has been found that many of the common elements 
are mixtures of isotopes, so that the atomic weights, as usually 
determined, are merely a mean value dependent upon the pro- 
])ortions in which the different isotopes happen to be present. 
Thus the occasional anomalies of the old periodic table, such as 
the case of the relative positions of argon and potassium, receive 
a ready explanation. 

The most remarkable fact established by this work, however, 
is that, on the scale 0 -= 16, all the atomic weights are exact 
whole numbers except that of hydrogen, which is 1*008, thus 
reviving, in a slightly modified form, Trout’s famous hypothesis. 
The theories this suggests are discussed more fully in the next 
section. 

The separation of isotopes by other methods has also been 
attempted, . any method being hopeful which depends on the 
mass of the particles alone. Thus Aston has succeeded in 
partly separating the isotopes of neon by fractional diffusion 
through pipes of porous clay, and Bronsted and Hevesy, by 
fractional distillation of mercury at very low pressure, have 
succeeded in obtaining fractions of different densities, thus 
indicating a separation of isotopes. It is not, however, to be 
erpected that complete separation can be effected in these ways.’ 
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The Structure of the Atom. 

42 It is but natural that attempts should have been made to 
wring from all this new evidence some conception of the structure 
of the atom, and particularly the relation of the atoms of one 
element to another throughout the periodic table. This relation- 
ship has been emphasised by the natural transformations of one 
element into another that occur in radioactive changes, and the 
possibility of anticipating the ambitions of the alchemists of 
old by effecting these transmutations at will is eagerly antici- 
pated. Several cases of apparent transmutation have been 
reported, but space forbids more than a reference to the work 
of Ramsay,^ of Collie and Patterson,^ and of Rutherford.® 

The constitution of the nucleus of the atom is at the same time 
the most fundamental and the most difficult part of the problem 
of atomic structure. The starting point for the development of 
any theory of this is the fact that all atoms, when measured 
individually and not as a mixture of isotopes, appear to have 
integral weights on the scale 0 = 16, except hydrogen; together 
with the fact that all elements, again excepting hydrogen, have 
an atomic weight on this scale equal to, or greater than, twice 
their atomic number. On the electromagnetic theory of mass, 
this can be explained in the following way. If the helium 
nucleus is composed of four hydrogen nuclei and two electrons 
very closely packed, the effect of the overlapping of the electric 
fields can be estimated, on certain not improbable assumptions, 
as reducing the apparent mass by about 0*8 per cent., thus 
bringing the atomic weight down from the value 4-032, as 
obtained by direct addition of the masses of the constituent 
hydrogen nuclei, to 4-00, as obtained experimentally, whilst the 
net charge is, of course, 2 . The fact that all the other atoms have 
mass rather greater than twice their atomic number suggests that 
all other nuclei are constructed, in the main, from these helium 
nuclei, whilst their integral value indicates that the packing of 
these among themselves is not sufficiently close to produce any 
appreciable further reduction of mass. The actual figures 
obtained for atomic weights also suggest that there must be 
another condensed nucleus of three hydrogen nuclei with one 
or two electrons which forms one of the fundamental “ brick.i ” 
from which other nuclei are built up. The whole question has 

1 Journ, Chem. Soc., 1913, 103, 264. a IbuL, 1913, 108, 419. 

• Proc, Roy. Soc., 1920, 97, t^]. 374. 
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been dealt witli in a very interesting, if somewhat sj)eculative, 
way by Harkins and liis co-workers.^ 

From the purely chemical point of view, the problem of the 
arrangement of the electrons surrounding the nucleus is perhaps 
of even greater importance, since we have seen, from the study 
of isotopes, that it is on this that the chemical properties depend. 
An important attempt at the solution of this problem was brought 
forward by Langmuir ^ as a development of 0. N. Lewis's theory 
of valency already described. Adopting this theory, Langmuir 
started from the conception that the inert gases, since they show 
no tendency to combine, must have outer spheres possessing 
their full complement of electrons and therefore being con- 
figurationally quite stable. The atomic numbers of the inert 
gases are helium, 2; neon, 10; argon, 18; krypton, 30; 
xenon, 54 ; and niton, 86, which, as Rydberg pointed out, can 
be represented by taking an increasing number of the terms of 
the series iV — 2(1 + 2^ + 2^ -f 3^ + 3^ + 4^), where N is the 
atomic number. Langmuir suggested that the physical sig- 
nificance of this was that the niton atom was composed of a 
nucleus with a net positive charge of 86; an inner sphere of 
radius which we can call unity, with two electrons on the surface ; 
a second sphere of radius just less than two, with eight electrons 
on its surface; a third sphere of radius just over two, also 
having eight electrons on its surface ; similarly, fourth and fifth 
spheres of radius just less than and just over three, each having 
eighteen electrons on its surface, and an outer sphere of radius 
four, bearing on its surface thirty-two electrons. Since the 
surfaces of spheres arc in the ratio of the squares of their radii, 
it will be seen that, if the electrons are fixed, each occupies an 
equal area, no matter on what sphere it may be. All other 
atoms are supposed to be constructed on the same model, except 
that those of lower atomic number have not enough electrons, 
but their structure is arrived at by filling up the spheres one by 
one, starting with the innermost, until all the available electrons 
have been placed. In this way, all inner shells will be completed, 
but the outer shell may be deficient of its full complement. Thus 
sulphur would consist of a nucleus, of net charge 16 ; an inner 
shell containing two electrons; a second shell containing eight 
electrons, and a third with only six where there are jdaces for 
eight. Taken over the whole series of elements, the structures 
thus arrived at account to a considerable extent for the magnetic 
1 J. A ner. Chem. 8oc., 1915, 37, 1367. » Ibid,, 1910, 41, 868. 



THE STRUCTURE OP THE ATOM. 


79 


properties shown by the elements. The elements between helium 
and argon compare strictly with the scheme put forward by 
Lewis in the way this theoretical structure explains their valency 
relations, and for elements of higher atomic number the introduc- 
tion of further hypotheses and conceptions of configurations of 
pseudo-stability, for details of which the original paper should 
be consulted, furnish a suitable explanation in this respect. 

A drawback to all such conceptions of the atom is that no 
such arrangement can be stable on the ordinarily accepted laws 
of electrostatic attraction and repulsion. However, by an 
ingenious modification of these. Sir J. J. Thomson ^ has overcome 
this difficulty and in a later paper ^ has developed a theory of 
atomic structure and chemical combination similar to that of 
Langmuir, but more in conformity with the point of view and laws 
of physics. 

The problem was previously attacked by Bohr ® from another 
direction in an attempt to explain the Balmer series in the lines 
of the hydrogen spectrum. Bohr supposed that the hydrogen 
atom was composed of a nucleus around which an electron 
revolved as a planet does around its sun, the electrostatic attrac- 
tion between the two being balanced by the centrifugal force, 
but he too was compelled to modify the classical laws of electro- 
dynamics by assuming that there is a series of orbits in which 
the electron could rotate without radiating energy. He postu- 
lates that energy is radiated only when the electron passes from 
one of these orbits to another and then introduces Planck’s ^ 
concept of energy quanta and assumes that when such a change 
of orbits does occur the frequency of the radiated energy is such 
that one quantum only is emitted. On these lines, the Balmer 
series can be accounted for and the mathematical development 
of the theory leads to the exjiression of an empirical constant, 
which Eydberg discovered as fundamental in all known spectro- 
scopic series, in terms of known physical constants which can 
be determined by means quite unconnected with spectroscopy. 
The agreement between the value thus determined and that 
arrived at empirically from spectroscopic measurements is 
extremely satisfactory, being within one-i/cnth of one per cent.. 


1 Phd, Mag., 1919, 37, [0], 419. 

2 Ihd,, 1921, 41, [G], 510 

3 Ihid , 1913, 26, [G], 1, 47G, 857. 

* Sco Lewis, A System of Physical Chemistry, vol. iii., ** The Quantum 
Theory.*' 



80 


THE METALS. 


which is about the limit of the accuracy of the determinations 
of the physical constants involved, so that there must be a 
considerable amount of truth behind the mathematical expres- 
sions derived, though it may be that they are capable of a 
somewhat different interpretation. The theory also accounts 
excellently for the variation of the number of lines of the Balmer 
series which are visible with the specific volume of the gas, but 
there are many lines in the hydrogen spectrum for which it does 
not account, and the attempt to extend the theory to elements 
of higher atomic number has not been so successful. 


CRYSTALLINE FORM OF METALS. 

43 All metals, as well as their alloys, can be obtained in 
the crystalline state, and those occurring as minerals in the 
native condition are often found crystallised; this is the case 
with gold, silver, copper, platinum, iridium, palladium, gold- 
amalgam, and silver-amalgam. In general, the form which they 
assume is one belonging to the regular system, such as the 
octahedron or the cube, or a combination of these forms. Some 
few, such as zinc, antimony, and bismuth, crystallise in the 
hexagonal system and the two latter metals, which closely 
resemble arsenic, are found, as this is, crystallised in rhombo- 
hedra. On the other hand, a few metals, such as tin and 
potassium, crystallise in the tetragonal system. 

To obtain metals in the crystalline state several processes 
can be adopted. Crystals of metals which fuse readily can be 
obtained by solidification after fusion. Bismuth, antimony, lead, 
and tin may thus be crystallised, and, in a similar way, sodium 
and potassium; in the latter cases air must of course be 
excluded. Metals which are easily volatilised, such as zinc, 
cadmium, and potassium, may be obtained in crystals by 
condensation from the gaseous state, whilst other metals, such 
as silver, thallium, and lead, can be readily crystallised by the 
electrolysis of solutions of their compounds. The metals 
separate out in lustrous crystalline plates, and the exhibition of 
this phenomenon on the screen forms one of the most striking 
and beautiful of lecture-room experiments. The crystallisation 
of metals is well illustrated also by the formation of the lead- 
tioe when a piece of zinc is immersed in a solution of lead 
acetate. 
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Some metals can be obtained in more than one crystalline 
form, for example, tin. Above 161° the stable form is rhombic 
with a specific gravity of 6*5; between 161° and 18° the 
stable form is tetragonal with a specific gravity of 7*2; below 
18° the stable form is amorphous, known as grey tin, which 
has a specific gravity of 5*8. 

The fracture of metals is an important characteristic intimately 
connected with the crystalline form, and in many instances it is 
of importance as giving a knowledge of the purity, or otherwise, 
of the metal. The follo\ving varieties of fracture are generally 
recognised : — 

(1) Crystalline fracture; as in antimony, bismuth, zinc, 
spiegel-iron, etc. 

(2) Granular fracture ; as in grey forge pig-iron. 

(3) Fibrous fracture ; as in bar and wrought iron when partly 
broken by bending. 

(4) Silky fracture ; as in a piece of tough copper. 

(5) Columnar fracture; as observed in the grain tin of 
commerce. 

(6) Conchoidal fracture; noticed in the cases of native 
arsenic and certain brittle alloys, such as that composed of one 
part of copper to two of zinc (Percy). 


COLLOIDAL SOLUTIONS OF METALS. 

44 When dilute solutions of many metallic salts are treated 
with reducing agents, the metal which is produced is not 
preci])itated in the solid form, but remains dissolved in the 
colloidal state (Vol. L, p. 929). In this way Faraday, as early 
as 1857, by reducing solutions of gold chloride with phosphorus, 
succeeded in preparing red-coloured solutions of gold, which 
could be preserved for many years without depositing any of 
the metal. Such solutions can be freed from the other products 
of the reduction and from the excess of reducing agent by 
dialysis, and then form coloured liquids, which are often stable 
for a long period, and exhibit in a very characteristic manner 
the properties of colloidal solutions. They can be boiled as a 
rule without any metal separating out, and can in some cases, 
such as that of gold reduced by quinol, be evaporated to dryne: s, 
leaving a residue which is soluble in water and retains its 
VOL. II. (i.) a 
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solubility even when preserved for a considerable time in the 
dry state. The metal will not diffuse through a colloid membrane, 
and in many respects these solutions present an extremely close 
analogy with the solutions of the organic colloids, substances 
which usually possess a very high molecular weight. 

Investigation with the ultramicroscope shows that the 
Qolloidal solution of a metal consists of extremely minute 
particles of the metal in a state of suspension. These are in 
constant motion (“ Brownian motion ”), the rate of movement 
increasing as the size of the particles diminishes.^ With the 
aid of the ultramicroscope, and by other methods also, the average 
size of the particles in colloidal solutions of platinum, gold, and 
silver has been shown to be 2 x 10“^ to 6 x 10“^ mm. The 
colloidal particles are found to be electrically charged, the 
sign of the charge depending upon the nature of the metal and 
on the method of preparation. By the passage of an electric 
current the metal is deposited in the insoluble form at the 
appropriate electrode. This precipitation (coagulation) is also 
brought about by the addition, often in very small amounts, of 
soluble electrolytes to the solution. 

The reducing agents which have been found most suitable 
for the production of colloidal metals are phosphorus, hypophos- 
phorous acid, ferrous sulphate, hydroxylamine hydrochloride, 
hydrazine hydrate, formaldehyde, quinol, pyrogallol, and other 
similar substances.'-^ 

Another extremely interesting method of preparing colloidal 
solutions of the metals consists in setting up an electric arc 
between two poles of the metal under water or very dilute 
alkali.® In these circumstances pulverisation of the cathode 
occurs, and the finely divided metal thus produced remains in 
colloidal solution in the water. In this way, for example, 
almost opaque dark-coloured solutions, containing a maximum 
of 0*015 per cent, of platinum, and bluish- violet solutions of gold of 
similar concentration, as well as solutions of silver, iridium, and 
cadmium, can readily be prepared. A number of other metals, 
including mercury, copper, iron, nickel, and zinc, can be brought 

^ See Zsigmondy’s Colloids and the Vltramicrosco'pe, 

® For details, see Svedborg’s Die Methoden zur Herstellung kolloider 
Losungen anorgantscher Staff e (Theodor Steinkopff; Dresden, 1909); Wo. 
Ostwpld’s Handbook of Colloid Chemistry (Churchill); Haischek, Introduction 
to the Physics and Chemistry of Colloids (Churchill). 

^ Brodig, ZeiU Elektrochem., 1898,4, 514; Zeit angew. Chem., 1898, 954; 
Anorganische Ferments (Englemann, Leipzig, 1901). 
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into colloidal solution by a slight modification of this method, 
which consists in employing a thin layer of the metal, deposited 
on the surface of another metal, as the cathode. By using 
organic solvents the alkali metals can also be obtained in the 
colloidal state by this method. 

The solutions of platinum obtained in this way promote the 
combination of hydrogen and oxygen at ordinary temperatures, 
and decompose hydrogen peroxide in the same way as does 
platinum black. In its behaviour towards hydrogen peroxide 
colloidal platinum is strikingly similar to certain organic 
enzymes, and has accordingly been described by Bredig as “an 
inorganic ferment.” 

The stability of solutions of these metallic colloids is much 
increased by the presence of other colloids such as gelatin. 
Advantage has been taken of this property, in some cases, by 
preparing the colloidal metal in the presence of, or even by the 
reducing action of, an organic colloid. Thus, Carey Lea has 
described a number of colloidal forms of silver produced in the 
presence of dextrin and similar substances, whilst Paal has 
prepared several metals in a remarkably stable colloidal form 
in presence of certain products of the decomposition of egg- 
albumin by alkalis. The colloidal forms of certain refractory 
metals, such as osmium and tungsten, have been employed in 
the manufacture of filaments for electric lamps. 

Colloidal solutions may be regarded as intermediate between 
solutions of crystalloids or true solutions, in which the particles 
of solute are of molecular size, and coarse suspensions. But it 
is not easy to differentiate sharply between the three states which 
merge into one another gradually. It is found, however, that, 
when the size of the solute particles comes within the range of 
approximately to 1^//, those properties which are looked 
upon as characteristic of the colloidal state are most markedly 
developed. For a complete account of these properties text- 
books dealing with the subject of colloids should be consulted. 

The specific properties of the different colloidal metals will 
be found under the heading of the metals concerned. 


ALLOYS AND AMALGAMS. 

45 Especially characteristic of the metals as a class are the 
bodies which different metals form with one another, and to 
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which the name of alloy is given (derived through the French 
from the Latin alligarCi to bind to). Amongst chemical com- 
pounds in general, those are found to be most stable, and to show 
the greatest amount of chemical individuality, the constituents 
of which are the most diverse. In the case of the alloys, 
however, the essential properties of the metals are uniformly 
reproduced. Thus, they all possess metallic lustre and they 
conduct heat and electricity well, even when they assume distinct 
crystalline forms and contain their constituents in the propor- 
tion of their combining weights. Hence alloys are distinguished 
from the compounds which the metals form with such elements 
as oxygen, sulphur, and chlorine, in which the general properties 
of the metals have undergone a complete change. So great 
indeed is the resemblance between the alloys and the metals 
proper that in all ages, in common parlance, they have been 
confused under the same name. The early tJreek alchemists 
classed electrum, an alloy of gold and silver, amongst the metals, 
giving to it the sign of Jupiter, and even nowadays the word 
metal is commonly employed to designate an alloy. 

The union of metals to form alloys may be brought about in 
several different ways, of which only four will be mentioned. 

(1) By fusing together the constituent metals. 

(2) By strong compression of the finely powdered metals. 

(3) By electro-deposition. 

(4) By the simultaneous reduction of the constituent 
metals. 

The j&rst method is by far the most important of the four, 
as almost all alloys are produced in this way on the large scale. 
The second method has not received any, and the third only a 
limited technical application, whilst the fourth is the primitive 
method by which brass and other alloys were first produced, and 
which has certain applications at the present time. These may 
therefore be shortly discussed before passing on to the con- 
sideration of the first and chief method. 

Compression . — The union of powdered metals to form alloys 
when strongly compressed was first observed by Spring,^ who 
subjected the mixed powders to pressures up to forty tons per 
square inch in a steel cylinder, and in this manner obtained 
alloys identical with those obtained by fusion. It might be 

1 Bull Acad. roy. Belg., 1878, 46 , No. 6; 1880, 49 , No. 6; Ber., 1882, 16 , 
396. 
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supposed that the union is effected by the heat evolved during 
the compression causing the metals to melt; but Spring has 
shown that this is not the case, since, if the whole of the work 
done in the compression were converted into heat, this would 
still be insufficient to effect the fusion of the mass. 

Eleclro-deposition. — Just as copper can be deposited from 
solutions of its salts by electrolysis, so it is sometimes possible 
to deposit two metals simultaneously from a mixture of their 
salts, so that they form an alloy. Thus by electrolysing under 
suitable conditions a solution containing certain zinc and copper 
salts, brass is obtained. 

Simultaneous Reduction of Metals. — By this method brass was 
made long before the metal zinc was known in the free state, 
and, more recently, “ calamine brass has been made by the 
reduction of calamine in the presence of copper. At the present 
time this method is used in the production of alloys by the 
treatment of metallic waste and slags; in the manufacture of 
ferro-manganese and spiegeleisen in tha blast furnace ; in that 
of ferro-chrome, ferro-aluminium, etc., in the electric furnace; 
and in the manufacture of certain alloys by the Goldschmidt 
or ‘‘ thermit ’’ process. 

Preparation of Alloys hy Fusion. — The method of making 
alloys by fusion varies according to the nature of the metals to be 
alloyed. If none of the constituent metals is very volatile, 
they may be mixed and fused together, but if one of the 
constituents be a volatile metal, such as zinc, the other constit- 
uent or constituents are melted, raised to a sufficiently high 
temperature to cause the zinc to melt and mix easily, the zinc 
is then added and the whole stirred. The metals are generally 
covered with a layer of carbon to prevent oxidation during the 
process. 

When metals are melted together they do not always form 
a homogeneous product, and a metallic alloy is defined as a 
mixture of metals which, after melting, does not separate into 
two layers. When such a separation does occur, each layer 
becomes a distinct alloy. For example, when lead and zinc 
are melted together and allowed to cool slowly, they separate 
into two distinct layers, the bottom one being an alloy of 
lead and zinc, containing 1-3 per cent, of zinc, and the top 
one an alloy of zinc and lead containing 1*57 per cent, of lead. 



86 


THE METALS. 


THE STUDY AND EXAMINATION OF ALLOYS. 

46 The most important modern methods of researcli on this 
subject may be summarised as follows ; — 

1. Chemical methods. Analysis and separation of the con- 
stituents. 

2. Thermal methods. Determinations of melting points, 
and critical changes. 

3. Microscopical methods. Examination of crystalline and 
internal structure. 

4. Mechanical methods. Determination of elasticity, tenacity, 
ductility, etc. 

5. Electrical methods. Determination of resistance and 
E.M.F. 

6. Magnetic methods. Examination of the various changes 
in magnetic properties during heating and cooling. 

Illustrations will be given of only two of these methods, viz., 
the Thermal and the Microscopical. 

Examination of Alloys by the Thermal Method . — The melting 
point of an alloy is usually lower than those of the metals which 
compose it. This is well seen in the case of ordinary plumbers’ 
solder, consisting of tin and lead, which melts more easily than 
either of the constituent metals. This fact was known so long 
ago as the time of Pliny, for he states that tin cannot be soldered 
without lead, nor lead without tin, and that lead tubes are 
soldered with a mixture, of one part of tin and two parts of lead, 
a mixture which is used at the present day. Homberg, in 
1669, recommended an alloy of equal parts of tin, lead, and 
bismuth for sealing up anatomical preparations; and in 1772^ 
Valentine Rose the elder discovered the well-known fusible 
metal which bears his name. This consists of one part of tin, 
one part of lead, and two parts of bismuth. It melts at 94°, the 
lowest melting point among the constituents being that of tin, 
viz., 232°. Another alloy, consisting of eight parts of lead, 
fifteen of bismuth, four of tin, and three of cadmium, softens at 
a temperature of 60° and is perfectly liquid at 65°, the melting 
points of its constituents being tin 232°, bismuth 270°, cadmium 
321°, and lead 327°.^ 

^ Stralsund Magazine, 1772, 2. 

2 Lipowitz, Dingl. Poly. Journ., 1860, 158, 376. 
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For the experimental investigation of the relation between 
the freezing point and the composition of the alloy formed by 
two or more metals, a pyrometer, such as the thermo-couple 
pyrometer or the electric-resistance pyrometer, is required. 
The rate of cooling of a quantity of the alloy is then determined 
and plotted in a curve, any breaks in which indicate points of 
solidification or other critical changes. A cojnplete series of 
alloys, such as those of lead and tin, is generally studied 
together and the points so obtained on the cooling-curves 
are employed for the construction of a second curve which shows 
the variation in the freezing point with change of composition 
and forms the freezing point of the series. 

Thermal Classification of Binary Alloys } — From the general 
form of the freezing point curves, binary alloys may be divided 
into groups as follows : — 

Group 1. The curve consists of twf) branches, starting from 
the melting points of the pure metals and meeting at a point 
corresponding to the eutectic alloy. A eutectic alloy is that 
alloy of any series, or range of series, which has the lowest 
melting point, and corresponds to the cryohydratc formed by 
cooling a solution of a salt in water (Vol. I., p. 310). In some 
series of alloys more than one eutectic is found, but in such a 
case, each of them corresponds to a different set of constituents. 
The melting point of a eutectic mixture is lower than that of 
either constituent. 

This type of curve obtains when the metals form neither 
definite compounds nor isomorphous mixtures, and is illustrated 
in Fig. 3. This represents the freezing point curve of the lead- 
tin series, the lines AX and BX corresponding to the separation 
of lead and tin respectively, and X being the point of solidifi- 
cation of the eutectic alloy. The horizontal line XCD repre- 
sents the range of the series in which eutectic mixtures will be 
found, it having been observed that very dilute solutions of tin 
in lead solidify completely before the eutectic temperature is 
reached. 

As long as the amount of lead present is above 31 per cent., 
metallic lead separates out first when the liquid alloy is cooled ; 
if the amount of lead is below this, metallic tin separates out. 
The alloy containing 31 per cent, lead and 69 per cent, tin is the 

^ Alloys, H. le Chatelier, Metallographtst, vol. i., 1898, p. 94. Seo also 
Metallography, hy C, H. Dosch (Longmans & Co., 1910). 
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eutectic alloy, and solidifies at 180®, in which point the curves 
representing the separation of lead and tin intersect.^ 

The most important members of this group are the alloys 
of : 


Pb and Sn ; Zn and Sn ; Pb and Sb ; Bi and Sii ; 

PbandAg; ZnandCd; CuandAg; Cu and Bi. 

Group 2. The curve consists of three branches, two of them 
starting from the melting points of the pure metals, the third 
exhibiting a maximum, and intersecting the others in two 
points corresponding to two eutectics. This obtains when the 
two metals form a definite compound; in such cases the curve 
may be di\dded into two portions, each comparable to Group 1 . 



Fio. 3. 

In Fig. 4, which illustrates this type of curve for the series 
Cu and Sb, AX represents the separation of copper, XB 
the separation of the compound SbCug, and EXF the range 
of the corresponding eutectic, which consists of a mixture of Cu 
and SbCug. The point B represents the melting point of the 
alloy containing 38-5 per cent, of antimony, which is a white 
compound having the formula SbCug. Beyond this point the 
curve departs from the simple type, and between B and C a 
mixture of SbCug and SbCug separates out, C representing the 
melting point of this second compound, which is purple in 
colour. The lines CY and DY correspond to the separation 
of the compound SbCug and metallic antimony respectively, 
Y being the melting point of the second eutectic, which consists 

^ Seo also Rosenhain and Tucker, Phtl, Trans., [A’\, 1908, 209, 89. 
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of a mixture of antimony and SbCiia, and has a range repre- 
sented by the horizontal line GYH. To this group belong also 
the alloys of Mg and Pb ; Ni and Sn. 

Grouj) 3. The curve of fusibility is continuous and unites the 
melting points of the two metals. This occurs when the metals 
form isomorphous mixtures. To this group belong the alloys 



Fig. 4, 

of Bi and Sb; Ag and Au; Ni and Co; Cu and Ni; Au and 
Cu. 

Group 4. The curve consists of two branches, starting from 
the melting points of the metals as in Group 1, but on one 
branch there is a point at which a change of direction occurs, 
indicating the formation of a definite compound. 

Fig. 6 illustrates this type of curve for the silver-antimony 
series. The line AB corresponds to the separation of solid 
solutions of the compound AggSb in Ag, and the point B represents 
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the formation of this compound ; the lines BD and CD represent 
the separation of AggSb and antimony respectively. D is the 
eutectic point, and the line EDF indicates the range of the 
eutectic, which consists in this case of a mixture of Ag^Sb and 
antimony. To this group belong also the alloys Sn and Ag; 
A1 and Ag ; Sb and Sn. 

Grou'p 5. Alloys with abnormal curves of fusibility, such as 
those of Cu and Sn, Cu and Zn, Sb and Sn, Zn and Ag, A1 and Au. 



Fio. 5. 

47 The Examination of Alloys by the Microscope } — By 
examining a suitably prepared specimen by reflected light 
evidence may be obtained on the following points : — 

Crystalline state of the metal or alloy. 

Constitution of the alloy. 

Presence of foreign bodies, 

Presence of flaws, blow-holes, or cracks. 

Presence of eutectics. 

^ See also Alloys, by E. F. Law (C. Griffin & Co.). 
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Preparation of Specimens , — In order to carry out this 
(‘\aiiiination successfully, much care is necessary in the prepar- 
ation of the specimen. A small piece is cut by means of a 
hack-saw, and smoothed with files; after this the specimen is 
rough-polished on emery cloth, and then finished on a series of 
graded emery papers, such as the French papers marked 0, 00, 
000, and 0000. 

When the specimen is free from scratches, the surface is 
treated by some agent which will attack the separate constitu- 
ents differently as a preliminary to microscopic examination. 
For this purpose simple attack by some reagent, such as nitric. 



Fig. 6. Fio. 7. 


sulphuric, or hydrochloric acid, iodine, potassium cyanide, or 
ammonia, may be used. By this means one constituent may be 
dissolved more quickly than another, or may be coloured differ- 
ently, or the joints between adjacent crystals may simply be 
eaten away. Heat- tinting is another method used, and consists 
in gently heating the polished surface, whereby the more 
oxidisable constituents become coloured by oxide tints. 

The evidence obtained in this way as to the structure of 
the alloy is of great value, and is illustrated by the following 
typical examples : — 

Fig. 6 represents the appearance (under a magnification , of 
100 diameters) of a case-hardened piece of steel which has 
been quenched, and the specimen polished and the^ etched 
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with picric acid. The wide black mark running across is a 
crack which developed during quenching; above this is seen 
the structure of saturated steel, containing 0*9 per cent, of 
carbon. This is known as martensite, and if slowly cooled from 
a red heat would have formed the eutectoid pearlite (p. 93). 
Below the crack is seen the structure of supersaturated steel; 
the black lines consist of carbide of iron, FcgC, contained in the 
ground-mass of martensite. 

Fig. 7 is a photomicrograph (magnification 100 diameters) of 
a Sn-Sb-Cu alloy, containing Sn 83 per cent., Sb 11 per cent., 
Cu 6 per cent. The large white cubes are crystals of the com- 
pound SnSb, the smaller crystals consist of SbCug, and the 
dark ground-mass consists of tin containing a small quantity of 
antimony in solution. 


The Constitution of Metallic Alloys. 

48 As a result of the numerous researches carried out by 
the methods indicated above, it is concluded that the possible 
constituents of solid metallic alloys arc very varied, the most 
important being the following ^ : 

1 . Free metals in the pure state. 

2 . A solid solution of one metal in another. 

3. A solid solution of a definite chemical compound in an 
excess of metal. 

4. Eutectic mixtures. 

5. Definite chemical compounds of metals with metals. 

6 . Definite chemical compounds of metals with certain non- 
metals. 

7. Allotropic modifications of metals. 

1 . Free metals in the pure state , — These are metals which 
separate from solution, or crystallise in the pure state. They 
are found in alloys as crystallites (i.e., indefinitely crystalline, 
or incipient forms of crystallisation of the metals), or as per- 
fectly formed crystals, which are produced only when the metal 
in question is incapable of holding in solid solution one of the 
other constituents of the alloy. Ah example of this is afforded 
by the Pb-Ag alloys containing about 1 per cent, of silver. 

^ Metallic Alloys,” J. E. Stead, Cleveland Institution of Engineers, 1900 
{Metnllographist, 1002, 5, 110). 



THE CONSTITUTION OF METALLIC ALLOYS 


93 


2. Solid solution of one metal in another. — A solid solution 
is defined as a homogeneous mixture of two or more substances 
in the solid state, and solid solutions of one metal in another, 
when crystalline, are solid isomorphous mixtures or mixed 
crystals. 

Many metals which mix with each other in the liquid state do 
not remain in solution when solidification occurs; the solids 
thus formed are called solidified or congealed solutions. It is 
very important to distinguish between these and the true solid 
solutions. 

Solid solutions crystallise in a form identical with, or very 
closely approximating to, that of the constituent which pre- 
dominates. Examples of this are found in the Au-Ag and Ni-Co 
series. 

3. Solid solution of a definite chemical compound in an excess 
of 7netal. — In many alloys definite chemical compounds are 
formed, and in some cases these compounds are dissolved in 
the metal which is in excess, forming a solid solution. Examples 
of this are found in the Cu-Sn, and Au-Al series. 

In the same manner, some non-metallic elements combine 
with a portion of one of the metals, forming a compound which 
IS dissolved, under suitable conditions, in the excess of metal. 
Examples are afforded by the behaviour of carbon and phosphorus 
in iron. 

4. Eutectic mixtures. — The composition of eutectic mixtures 
is constant, and, within certain limits, independent of the 
original proportions of the constituent metals ; the composition 
is not generally in simple atomic proportions, although it some- 
times approximates very closely to these. This is the case 
with the well-known LevoFs alloy of the composition Cu 28* 1 
to Ag 71*9, a relation which practically corresponds with the 
formula CugAgg : and this accounts for the fact that this alloy 
has been mistaken for a definite chemical compound. 

A eutectic consists of a conglomerate of distinct particles of 
the components, mechanically mixed. These components may 
be two or more metals which do not chemically unite, one metal 
and a definite chemical compound, two or more chemical com- 
pounds, one free metal and a solid solution, one compound and 
a solid solution, or two solid solutions. 

The pearlite formed in solid steel, when it cools slowlj from 
above 700'' to 600°, is a solid solution of carbon in Iron 
above 700°, but splits up into two constituents on cooling, and 
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is known as a cutectoidy to distinguish it from an ordinary 
eutectic. 

5. Definite chemical comimunds of metals with metals , — 
Many metals unite chemically in atomic proportions forming 
compounds which are quite homogeneous, and are recognised 
by having certain characteristics different from those of the 
component metals, the colour, hardness, crystalline form, etc., 
being often quite distinct. Sometimes, on bringing the metals 
together in the molten form, great heat is evolved, an almost 
certain sign of chemical action. Thus aluminium and copper 
combine to form a golden-yellow compound, CugAl, harder, 
stronger, and tougher than either metal, and also than the 
compounds CuAlg and CuAl. 

6. Definite chemical compomids of metals with non-metals , — 
In many cases metals combine with non-metals to form 
definite chemical compounds, which are of considerable im- 
portance in commercial alloys. Undoubtedly the most important 
of these compounds is the carbide of iron, FcgC, the amount and 
condition of which determine most of the valuable properties 
of steel. 

Iron combines also with phosphorus to form phosphides ; zinc 
with arsenic and phosphorus to form white compounds; and 
copper with phosphorus to form a pale yellow compound. 

7. Allotropic modifications of metals , — The addition of very 
small quantities of another element frequently brings about 
a great change in the properties of a metal, although the 
quantity of the former added is too small to allow of the 
supposition that a true compound is formed. Thus, for 
example, the conductivity of copper is very greatly affected 
by the presence of extremely small percentages of foreign 
metals such as tin, and the hardness and tenacity of metals 
are also greatly altered by small quantities of other elements. 
Matthiessen was, therefore, led to the conclusion that when 
a metal is alloyed with small quantities of another, the 
former frequently undergoes a molecular change, and is con- 
verted into an allotropic modification showing very different 
properties. 

It is by no means easy to determine whether an allotropic 
change has taken place, and there is still much to be learned 
about the effect of dissolving one metal in another, and about 
the grouping of atoms in solid solutions. 

48 Segregation or Liquation in Alloys , — During the solidification 
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of alloys, perfect diffusion ^oes not take place, and heterogeneous 
solid masses are therefore formed. Thus carbon segregates in a 
steel ingot, and the upper part of the axis of the ingot contains 
more carbon than the other portions. This is due mainly to the 
following causes : (1) the bottom of the ingot in contact with 
the cold mould is cooled more quickly than the top : (2) during 
cooling, the hotter portions rise and the colder portions sink : 
(3) the protion containing the most carbon is the last to solidify. 

Another cause of segregation in alloys is the difference in the 
specific gravities of the different constituents; for example, 
in an alloy of tin and antimony, the compound SnSb, which 
crystallises in cubes, has a lower specific gravity than the bulk 
of the alloy, and when this is allowed to cool slowly, the top of 
the ingot is found to be full of these cubes, and the bottom 
comparatively free from them. Kapid cooling through the 
freezing range and slow cooling afterwards tend to lessen the 
amount of segregation. 

Diffusion of metals, — Eoberts-Austen has shown that metals 
diffuse into other metals just in the same manner as a salt in 
water. Thus a ball of gold immersed in a bath of molten lead 
at 650^ diffused into the latter at a rate more than three times 
as great as that of sodium chloride into water at 18°; similar 
results have been obtained with gold in molten bismuth and tin, 
silver in lead and tin, etc. Moreover, diffusion takes place even 
between solid metals, metallic gold contained in a cylinder of 
solid lead slowly diffusing into the latter even at the ordinary 
temperature,^ the rate of diffusion increasing with the temper- 
ature.2 


Physical Properties of Alloys. 

50 Certain of the physical properties of the metal are always 
preserved in the alloy. Thus, the specific heat and the co- 
efficient of expansion of the alloy approximate to the mean of 
those of its component metals, except in the case of an alloy 
which undergoes molecular changes during cooling. In the 
case of other properties such as hardness, elasticity, tensile 
strength, etc., a variation takes place. Thus wires of either 
silver, copper, tin, or zinc in the pure state are lengthened 
by loads which would have scarcely any. effect on smiilar 
wires of their hlloys, such as gun-metal and brass. Agrin, 
1 Proc , Roy , Soc „ 1900, 67, 101. 2 Nature , 1896, 64, 55. 
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whilst the specific gravity of certain of the alloys is the mean 
of that of their constituent metals, that of others is either greater 
or less than the mean specific gravity of the constituents. 
All industrial alloys, with the exception of amalgams, are solid 
at the ordinary temperature. Many of the alloys of sodium 
and potassium are liquid at and below 18°. 

Conductivity of alloys, — The electrical conductivity of alloys 
varies with their composition, and a distinct relationship exists 
between the freezing point curves of the alloys and their 
conductivity. For example, when a series of alloys is eutecti- 
ferous throughout, that is, when the eutectic range extends 
from one end of the series to the other (see line CXD, Fig. 3, 
p. 78) the conductivity is the mean of that of the consti- 
tuents, as in the Sn-Zn and Sn-Pb series.^ In nearly all other 
cases the conductivity is less than the mean, and when the results 
are plotted in curves different types are found to exist, each 
type corresponding to a different group of alloys having similar 
freezing point curves. 

The conductivity of the alloys, like that of the pure metals, 
decreases with rise of temperature, and vice versa. The increase 
at low temperatures is, however, not so great as with the 
metals. 

The solubility of alloys in acids differs frequently from that of 
the metals forming them. If an alloy of platinum and silver 
is boiled with nitric acid, it is completely dissolved, whereas 
platinum when unalloyed is quite insoluble in this acid. On 
the other hand, silver by itself readily dissolves in nitric acid, 
but it does not do so when it is alloyed with much gold, the 
whole of the silver being soluble only when its quantity is at 
least double that of the gold. It was formerly believed that in 
order to separate the whole of the silver not more than one 
quarter of the alloy must consist of gold, whence the term 
quartation, which is still used for the separation of these metals. 

Many alloys are largely employed in the arts and manu- 
factures, as they possess properties which are wanting in the 
single metals. Thus, pure gold and silver are too soft to 
be minted, but the addition of a small proportion of copper 
gives them the necessary hardness. Pure copper is so soft and 
tenacious that it is not suitable for use in the lathe. The 
addition of half its weight of zinc produces the alloy brass, 
wl'ch is hard, and yet is sufficiently tough to be readily 
^ Kumakow and Puscbin, Zeit, anorg, Chem,, 1902, 80> 109. 
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turned. Gun-metal is a very tenacious and hard alloy, con- 
taining nine parts of copper to one part of tin. A still harder 
alloy is bell-metal, consisting of two parts of tin to eight parts 
of copper. The more tin such an alloy contains, the lighter 
is its colour. Speculum metal, containing one part of tin to two 
parts of copper, possesses a white colour, is capable of receiving 
a very high polish, and is, therefore, used for the specula of 
telescopes. Type-metal contains various proportions of lead 
and antimony, generally strengthened by the addition of tin. 
A very good metal is composed of two parts of lead, one part 
of antimony, and one part of tin. This alloy is hard, easily 
fusible, not brittle, and it expands at the moment of solidifica- 
tion — properties which make it most suitable for high-class 
work. 


Amalgams. 

SI Amalgams are bodies composed of compounds or mixtures 
of metals with mercury and, although really belonging to the 
class of alloys, are usually distinguished by this term. The name 
is first found in the writings of Thomas Aquinas ; and Libavius 
explains the meaning of the word as follows : — “ Amalgama 
corruptum vocabulum esse ex Graeco fidXayfia non dubitant.’' 
It is perhaps more probable that the word is derived from, or 
through, the Arabic, as the form alga?nala also occurs in the 
writings of the alehemists. 

The ancients were acquainted with the fact that mercury can 
combine with the metals, and they employed this property 
for the extraction of gold from its ores; Vitruvius even gives a 
method for extracting by means of mercury the gold from vest- 
ments which have been embroidered with gold thread. The 
Latin Geber speaks more distinctly respecting the compounds 
of the metals with mercury, for we find in his work, Sumvia 
perfeclimis magisterii, the following words, ‘‘ Mercurius adha}ret 
tribus mineralibus de facili, Saturno (lead) scilicet, Jovi (tin) et 
Soli (gold). Lunae (silver) autem magis difficulter. Veneri 
(copper) difficilius quam Lunae. Marti (iron) autem nullo 
modo, nisi per artificium. Est enim amicabilis et metallis 
placabilis. Solvuntur Jupiter et Saturnus, Luna et Venus ab 
eo.” Thus it is clear that Geber knew that, with the exception 
of iron, mercury combines directly with all the metals. The 
problem of the preparation of iron amalgam was one to which 
VOL. II (t.) h 
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the alchemists paid great attention, as, according to Oeber, it 
was no easy matter. Libavius gives the first hints towards the 
solution of this problem, as he says that the common metals 
require to be purified by corrosive action before they can be 
made to unite with mercury. 

Amalgams are usually obtained by the direct union of the 
metal with mercury. In this case a fall of temperature is 
not unfrequently noticed, as when tin is dissolved in mercury. 
Sometimes, on the other hand, heat is evolved, as when tlie 
alkali metals are amalgamated. The metals platinum, iron, 
aluminium, chromium, manganese, nickel, and cobalt will not 
unite directly with mercury. Amalgams are produced also 
by the addition of mercury to a solution of a metallic salt ; thus, 
if mercury be added to a solution of silver nitrate, the amalgam 
separates out in splendid crystals— the Arbor l)ian(JB of the 
ancients. Another mode of obtaining an amalgam is to place 
the metal in a solution of mercuric nitrate, or together with 
mercury and a dilute acid ; and lastly, amalgams are formed by 
the action of a weak electric current upon a solution of a salt 
into which a globule of mercury has been poured, the negative 
pole dipping into the globule. 

The amalgams correspond in their chemical relationships to 
alloys, consisting generally of a mixture of one or more amal- 
gams of definite composition with an excess of mercury. The 
amalgams containing a large quantity of mercury are often 
liquid, while those which contain less are frequently found to 
crystallise. On squeezing the excess of mercury through chamois 
leather, there is obtained from liquid silver amalgam a residue 
of fairly uniform composition containing about 30 per cent, of 
silver. On similarly treating a liquid gold amalgam, a residue 
is obtained which contains 33 per cent, of gold. When heated 
above the boiling point of mercury, a number of the amalgams 
retain a certain proportion of mercury. Thus silver amalgam, 
when heated to 450°, leaves a residue which still contains 12 per 
cent, of mercury ; and a gold amalgam treated in the same way 
leaves a residue containing 10 per cent, of mercury.^ Similar 
results are obtained with copper, sodium, and potassium, but 
the metals lead, tin, cadmium, and bismuth do not retain 
n^ercury at a temperature of 450°. 

On examining the various series of amalgams by the method 
of thermal analysis, the existence of many definite compounds 
1 De Souza, Ber., 1875, 8, 1616; 1876, 9, 1050. 
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has been established ; thus, in the sodium amalgams,’ the follow- 
ing compounds are known : 

llg^Na, UggNa, HgNa, HggNaa, HggNa^, and EgNag. 

In a similar manner with potassium, ^ HgK, HggK, and HggK ; 
and with silver, AgjHg^. 

Eegarded as compounds, such amalgams are very unstable, for 
Joule® has shown that they can be decomposed by subjecting 
them to a very high pressure."^ 

Many amalgams are used in the arts. Tin amalgam is em- 
ployed in the silvering of mirrors, gold and silver amalgams in 
the processes of gilding and silvering in the dry way ; zinc and tin 
amalgams for coating the rubbers of electrical machines, copper 
and palladium amalgam, and an amalgam of varying proportions 
of silver, copper, and tin, sometimes with gold and platinum, for 
stopping teeth. 


CONSTITUTION OF SALTS, ACIDS, AND BASES. 

52 The word salt even at the present day is commonly applied 
to sea-salt or sodium chloride, and there can be little doubt 
tliat originally the term was given to the same substance, the 
Oreek form of the word (aX?) in the feminine being used for 
the sea itself, whereas in the masculine it denoted the solid 
residue left when sea-water is evaporated. The growth of 
the application of the word salt from a special to a generic term 
appears to have had its origin in the fact that just as common 
salt is obtained by the evaporation of sea-water, so other kinds 
of salt can be obtained by the evaporation of other liquids. 
When, for instance, wood-ashes are boiled with water, the clear 
solution yields on evaporation a white soluble residue to which 
the name of salt was applied. This extension of the term was, 
however, not accompanied by any knowledge of the chemical 
differences between these various soluble substances. Even up 
to the end of the eighteenth century this wide application of 
the word salt may be said to have been prevalent. 

Amongst the alchemistic writings of the earliest times the 

^ Schuller, Zed. anorg. Chem., 1904, 40 , 385. 

2 Janecke, Zed. physikal. Chem , 1907, 53, 245. 

3 i/m. Manch. Fhd. 8oc., 1805 (3), 2, 115. 

* See also Dudley, Proc. A?ner. Assoc. ^ 1890, 145. 
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words salpetrae, saliiitri, salmarinum, salarmoniaciim, salveget- 
abile and the like, occur; these bodies are all soluble in water, 
and may be obtained again from solution by evaporation. The 
ideas connected with these salts were vague and indefinite. But 
a new meaning was afterwards given to the word salt, the term 
being applied to the solid bodies obtained by the combustion 
or ignition of substances. This view was upheld by Paracelsus, 
and was generally, though not universally, adopted by chemists. 
Thus we find in the seventeenth century that salt was con- 
sidered to be one of the hypothetical essential constituents of 
all bodies, every substance being made up of salt, sulphur, and 
mercury (see Historical Introduction, Vol. I., p. 7). The view 
that salt is an essential constituent of all bodies was strongly 
opposed by Boyle, who paid much attention to the investigation 
of salts, and to whom we owe much of our knowledge of the 
special nature of the different salts. He did not, however, 
define exactly to what class of bodies the term salt ought to be 
applied. This was specially accomplished by Boerhaave, who, 
in his Elenienta Chemice, published in 1732, describes the special 
characteristics of salts to be their solubility, fusibility, volatility, 
and taste, alkalis and acids being, according to this definition, 
also considered as salts. These were divided into salia alcalina, 
salia acida, salia salsa, salia media, salia ncutra, and salia com- 
posita. Under the last named was understood a class of salts 
obtained by the union of an acid with an alkali or metallic calx. 
The chief characteristics of the salts still remained their solu- 
bility and peculiar taste. It was soon seen that such a definition 
led to contradictions, for baryta, nitric acid, and sulphuric acid 
would thus be salts as well as nitrate of barium, whilst sulphate 
of barium, which is insoluble, and, therefore, possesses no taste, 
would not be a salt. Hence the necessity became obvious of 
separating alkalis and acids from the true salts, or salia media 
as they were called, and the word salt was then taken to mean 
such substances as are obtained when an acid and a base are 
brought together, or when an alkali or metallic calx is neutralised 
by an acid. 

Although acids and alkalis were included among the salts, 
chemists had long recognised that these substances were charac- 
terised by special properties. The only acid known to the 
arcients was vinegar or acetic acid. Hence the name of this 
substance and the notion of acidity were represented by closely- 
related vords (of 09 , acetum, vinegar; ofv9, dcldus^ acid). The 
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effervescence produced when vinegar is added to the carbonate 
of an alkali was observed in early times : thus we read in 
Proverbs xxv. 20, “As he that taketh away a garment in cold 
weather, and as vinegar upon nitre, so is he that singeth songs 
to a heavy heart.” Nitre in this case stands for natron or native 
carbonate of soda. It was also well known that vinegar acted 
as a solvent upon many substances, as in the celebrated story 
of Cleopatra dissolving pearls. The Arabians were acquainted 
with many other acids. The Latin Gebcr termed nitric acid 
aqua dissolitiva^ and he gave the same name to the liquid obtained 
by strongly heating alum in a retort, which was probably dilute 
sulphuric acid. This shows that the special characteristic of 
an acid, according to the older alchemists, was its power of 
dissolving substances which are insoluble in water. 

Other properties common to the whole class of acids were 
not observed until a much later date. In 1668 Tachenius 
noticed that all acids are capable of combining with alkalis, and 
he therefore considered silica to be an acid. Boyle ^ points 
out that the substances known as acids have the following 
properties. They are bodies which (1) act as solvents, but act 
with varying power on different bodies ; (2) precipitate sulphur 
and other bodies from their solutions in alkalis; (3) turn blue 
vegetable colouring matter red, whilst alkalis bring the blue 
colour back again; (4) can combine with alkalis, when the 
characteristic properties of each body disappear and a neutral 
salt is formed. The properties just enumerated were hence- 
forward regarded as the special characteristics of acids, and 
accordingly F. Hofmann, in 1723, asserted that the spintus 
mineralis, which exists in many mineral springs, and which we 
term carbonic acid, belongs to the class of acids since it turns 
blue litmus solution red. Thirty years later Black confirmed 
this by showing that this same substance possesses the power 
of destroying the caustic nature of the alkalis, giving rise to a 
distinct class of salts. 

53 Such alkaline substances as lime, the potashes obtained by 
the combustion of plants or by heating cream of tartar, and 
natron, or native carbonate of soda, were well known to the 
Greeks, Hebrews, and Eomans, whilst the spirit of urine became 
known to the alchemists of the thirteenth century. These 
substances, however, were not generally looked upon as possessing 

^ Jieflections upon the Hypothesis of Alcah and Acidum, 4 , 284, and 
elsowliere. 
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the common property of alkalinity until the time of the iatro- 
chemists, who ascribed the various diseases of the body to 
changes in the relative proportions of acid and alkali in the 
various organs and fluids, and indeed sought to explain all 
chemical phenomena as action between acids and alkalis. Some 
of the special characteristics, of alkalis which were recognised 
about this time have already been mentioned in discussing the 
properties of the acids, and to these was added the power of 
effervescing with acids. The caustic alkalis which did not 
effervesce with acids were supposed to be more complex than 
the mild alkalis. Thus lime was supposed to acquire its caustic 
properties by taking up igneous particles from the fire in which 
the limestone was burned ; when it was added to a mild alkali, 
these particles passed into the latter and rendered it caustic. 
This belief endured until Black in 1755 discovered the true 
nature of the phenomenon. The alkalis known at about the 
middle of the eighteenth century were the volatile alkali, and 
the two fixed alkalis, distinguished as the mineral alkali (soda), 
and the vegetable alkali (potash). 

54 In the new system of chemistry founded by Lavoisier 
after the overthrow of the phlogistic theory {see Vol. I., pp. 25- 
32), the three classes of substances, acids, bases, and salts were 
for the first time clearly separated. The acids, distinguished 
by the properties already discussed, comprised the compounds 
of certain elements (the acidifiable bases) with oxygen, whilst 
the alkalis, earths, and metallic oxides possessed the common 
property of being able to combine with acids to form the third 
class of substances, the salts, in which the properties of alkalinity 
and acidity were alike wanting. The discovery of the compound 
nature of the alkalis by Davy (1807) justified Lavoisier’s classi- 
fication, inasmuch as these substances were thereby proved to 
be metallic oxides. 

The view that all acids contain oxygen — a view to which this 
element owes its name — was soon adopted generally. On the 
other hand, it was pointed out by Berthollet that prussic acid 
and sulphuretted hydrogen, which do not contain oxygen, 
acted in many respects as acid bodies. Lavoisier’s views, how- 
ever, carried the day, it being assumed that the substances just 
m^^ntioned really contained oxygen. The next step in the 
progress of our knowledge on this subject was Davy’s investi- 
gations on chlorine and hydrochloric acid (1808-1810), which 
proved the existence of a powerful acid not containing oxygen. 
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Gay-Lussac’s discovery of hydriodic acid, and the proof that 
prussic acid likewise contains no oxygen (1815), soon supplied 
further evidence of the same kind. Acids were henceforth 
divided into two classes, the oxy-acids and the Tiydmcids, whilst 
the salts derived from them were known as amphd salts 
both, since the acid radicle and the base both contained oxygen), 
and haloid salts (aX?, sea-salt, like) respectively. The 

sulphides and selenides were afterwards included among the 
amphid salts because of the analogy of sulphur and selenium 
with oxygen. These elements were for this reason termed 
amphids, whilst the elements of the chlorine group, which 
combine directly with metals to form haloid salts, were termed 
haloids. The oxyacids were the substances which we now term 
the acid-forming oxides, whilst those bodies which we now term 
the oxygenated acids were considered to be the hydrates of 
tliese oxy-acids. 

The dualistic view that salts are formed either by the union 
of an acid with a metallic oxide, sulphide, or selenide, or by 
the direct union of a metal with a haloid element, received its 
most complete expression in the electrochemical theory of 
Berzelius. 

The fundamental principle of this system was laid down by 
its author in the statement that ‘‘ in every chemical combina- 
tion there is a neutralisation of opposite electricities, and that 
this neutralisation produces heat in the same manner as it is 
produced by the discharge of a Leyden jar, without being in 
this latter case accompanied by an act of chemical combination.'’ 
The application of this principle led to the view that every 
compound substance, whatever the number of its constituent 
principles, may be divided into two parts, one of which is elec- 
trically positive towards the other. For example, sulphate of 
soda is not compounded of sodium, oxygen, and sulphur, but 
of sulphuric acid and soda, each of which can again be divided 
into two elements, one positive, the other negative. In the 
same way alum cannot be regarded as directly compounded of 
its simple principles ; it must rather be considered as the product 
of the reaction of sulphate of alumina, the negative element, on 
sulphate of potash, the positive element.” ^ In accordance 
with this theory Berzelius wrote the formula for sodium sulphc,te 

m m m m 

NaO 4 - SO 3 , or in his contracted formulae NaS. 


^ Berzelius, Trade de Chimie. 
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The amphid salts were thus looked upon as compounds of the 
second order, formed by the union of two oxides, each of which 
was a compound of the first order, formed from its elements. 
The haloid salts, on the other hand, such as KCl, were compounds 
of the first order. 

55 At this time no distinction was made between what are 
now known as mono-, di-, and tri-basic acids. Thus nitrate of 
potash was supposed to be formed in a precisely similar manner 
to the sulphate, and the formulae of these two salts were 
accordingly written by Berzelius, KO.NgOg, and KO.SO3, the 
atomic weight which was then adopted for potassium being 
twice that now in use. When two salts of the same acid and 
base were known, such as the sulphate and bisulphate of potash, 
it was supposed that the second salt was formed by the com- 
bination of the first with the second molecule of the acid, and 
was therefore written KO.SO3 + H2O.SO3, or KO.2SO3, the 
water being sometimes omitted. 

The researches on the phosphates carried out by Graham in 
1833 showed that this theory must be modified, since, if tri- 
sodium phosphate contained only one atom of base, the formula 
of phosphoric acid would become which was incompatible 

with the atomic weights of phosphorus and oxygen, as deter- 
mined independently. Graham showed that the formation of 
the ortho-phosphates might be readily explained by supposing 
that phosphoric acid was capable of combining with three atoms 
of base, and that this base might be either water or a metallic 
oxide. He therefore formulated orthophosphoric acid and its 
sodium salts as follows (the modern equivalents of his formula) 
being employed) : 

Orthophosphoric acid . . P2O6 + ^HgO. 

Acid sodium phosphate . . P2O5 + 2H2O + NagO. 

Ordinary sodium phosphate . P2O5 + HgO + 2Na20. 

Trisodium phosphate . . P2O5 + SNagO. 

The water in the first, second, and third of these salts is essential 
to the composition of the salt, since when it is removed new 
salts are formed (Vol. I., p. 662 ). 

Tn 1838 Liebig published his important investigation on 
the constitution of the organic acids, in which he showed that 
maay of these resembled phosphoric acid in their relations to 
bases. He further proposed that all acids which formed mixed 
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salts containing two different, non-isomorphous bases, should 
be considered as belonging to the same class as phosphoric acid. 
In this memoir, moreover, he discussed the question whether 
the salts and oxyacids are compounds of a metallic oxide or 
water with an acid-oxide, or whether all salts and acids may 
be represented as combinations of metals or hydrogen with 
some other element or group of elements. This view had been 
originally suggested by Davy, and independently by Dulong (in 
1816), but had not been generally accepted. The difference in 
constitution between the oxy-acids and the hydracids necessitated 
a different explanation for reactions which are in fact similar. 
Thus, for instance, it was assumed that when hydrochloric acid 
acted upon zinc the metal simply replaced the hydrogen of the 
acid : 

Zn + 2HC1 - Hg + ZnClg. 

In the action, however, of sulphuric acid upon zinc it was 
necessary to assume that the presence of the acid enabled the 
zinc to decompose the water (predisposing affinity) in order that 
an oxide might be formed with which the acid could unite ; the 
reaction was, accordingly, represented as taking place in two 
stages : 

(1) Zn + H2O = Hg + ZnO 

(2) SO3 + ZnO = S03,Zn0. 

Similarly, when hydrochloric acid reacts with lime, water is 
formed, whilst, when the same base combines with sulphuric 
acid, no water is produced : 

(1) 2HC1 -f CaO = HgO -f CaClg. 

(2) SO3 + CaO == S03,Ca0. 

Liebig pointed out that the new view does away with these 
inconsistencies and also with the distinction between hydracids 
and oxy-acids, amphid salts and haloid salts ; acids are simply 
hydrogen compounds, the hydrogen in which can be replaced 
by metals, so giving rise to salts. In Liebig’s opinion this view 
is less applicable to inorganic than to organic compounds. The 
analogous constitution of acids and salts was, however, not 
generally admitted until certain facts became known which were 
favourable to this theory. 

56 If aqueous hydrochloric acid is decomposed by an electric 
current between^platinum electrodes, chlorine is evolved at the 
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positive and hydrogen at the negative pole respectively. If 
dilute sulphuric acid is treated in a similar way, a simple decom- 
position of water apparently takes place, for at the positive pole 
we obtain only oxygen and at the negative pure hydrogen. 
The same phenomenon is observed in the electrolytic decomposi- 
tion of a solution of sodium sulphate, but, in addition, sulphuric 
acid is produced at the positive pole, and soda at the negative 
pole. Hence it was argued that in this case, the current decom- 
posed both the water into its elements, and tlie salt into its 
immediate components. If a solution of suljdiate of copper is 
subjected to the same treatment, oxygen is evolved and sulphuric 
acid is produced at the positive pole, whilst at the negative pole 
metallic copper separates out; this was explained by the sup- 
position that the copper oxide which ought to be deposited is 
reduced to the condition of metal by the nascent hydrogen. 

These phenomena were specially examined by Daniell.^ It 
appeared to him important to determine the relation between 
the quantities of oxygen and hydrogen, on the one hand, and of 
the acid and the alkali on the other, formed in the electrolysis 
of a salt of an alkali. As the result of a large number of 
careful experiments, he found that these several substances are 
produced in the proportion of their equivalents, and that this is 
true not only with sodium sulphate, but also with other salts 
of the alkalis. Daniell recorded also the remarkable fact 
that the same current which apparently is capable of pro- 
ducing these two decompositions is capable of liberating 
exactly the same quantities of hydrogen and of oxygen from 
dilute sulphuric acid. In the latter case, the current is 
apparently able to effect only half the work which it can do in 
the electrolysis of an aqueous saline solution, because in the 
latter case not only the salt but, as it seems, the water also, 
undergoes decomposition. This is, however, clearly impossible, 
and the phenomena observed can be readily explained by 
assuming that in the decomposition both of aqueous sulphuric 
acid, and of the solution of a sulphate, either hydrogen or a 
metal is liberated at the negative pole, whilst at the positive pole 
the group SO4 is set free. But this group cannot exist in the 
free condition, and decomposes at once into oxygen and sulphur 
tiioxide, the latter dissolving instantly to form sulphuric acid. 
When a salt of an alkali is electrolysed, the metal which 
is liberated instantly decomposes the water with evolution 

^ Int'^oduction to Chemical Philosophy, second edition (184.3), p. 6.33. 
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of hydrogen. According to this view, the electrolytic de- 
composition of the oxysalts is exactly analogous to that of 
the chlorides, and hence they must be similarly constituted. 
Daniell proposed a new nomenclature for the oxysalts : 

H 2 SO 4 Hydrogen oxysulfion, 

Na 2 S 04 Sodium oxysulfion, 

HNO3 Hydrogen oxynitrion, etc., 

which, however, has never been generally adopted. 

The further development of chemical theory has completely 
confirmed the view that acids and salts are strictly analogous, 
salts being derived from acids by the replacement of hydrogen by 
a metal. This analogy has received expression in the nomencla- 
ture employed by many chemists for these substances, according 
to which the acids are termed hydrogen salts. Thus, just as nitre 
is called potassium nitrate, nitric acid is called hydrogen nitrate, 
sulphuric acid hydrogen sulphate, etc. In 1851 Williamson 
pointed out that the basic oxides and hydroxides, the oxygon 
acids and their salts, might all be considered as derived 
from one or more molecules of water, by the partial or complete 
replacement of the hydrogen by other elements or groups. 
When the hydrogen of water is replaced by a metal, a basic 
oxide or hydroxide is produced, so that caustic potash and 

K K 

oxide of potassium have the formulae jjO and j^O. When, on 

the other hand, the hydrogen is partially replaced by chlorine, 
or a group of atoms such as NO 2 , CIO3, SO 2 , &c., acids are 

formed, viz. : — 0 , 02> hydrogen of 

which can be replaced by metals to form salts.^ 

57 If we ask ourselves the question. What is the cause of the 
acid character of bodies ? we may say that acids must contain 
hydrogen together with certain elements or groups of elements 
which are termed negative elements or groups, inasmuch as these 
separate out at the positive pole in the process of electrolysis. 
A compound may, however, contain these negative elements 
or groups of elements, and also hydrogen, and yet not belong to 
the class of acids. Hence it appears that the atoms or groups of 
atoms must be combined with hydrogen according to a particular 
plan in order that the compound may assume the character of 
an acid. Sir Humphry Davy,^ in 1816, pointed out perfectly 

^ Joiim. Chem. , 1852 , 4 . 350 . * Journ. Sa. and Arts, Roy lysf , 181 0 . 
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correctly that it is impossible to assert that a particular body 
is an acid-forming or an alkali-forming principle, and that such 
a definition would be nothing more than to re-introduce qiiali- 
tales occultas into science. The chemical properties of a body, 
said Davy, are determined by “ the corpuscular arrangement ” 
of the constituent particles. 

Amongst the different acids, the hydrogen compounds of the 
elements of the chlorine group possess the simplest constitution. 
They contain one atom of hydrogen combined with one atom of 
a powerful negative element. In the oxygen acids the hydrogen 
which can be replaced by metals is always found to be com- 
bined with oxygen in the form of the radical hydroxyl, OH; 
this is proved by the fact that these acids can as a rule be 
obtained by the action of water on the corresponding chlorides : 

/Cl /OH 

SO^ + 2H2O - S 02 < + 2 HC 1 . 

\ci \OH 


The ease with which the hydrogen of such a hydroxyl group can 
be replaced by a metal depends upon the nature of the group 
with which it is combined. This is well illustrated by many 
organic compounds, which assist us more than any other class 
in the solution of the problem as to what determines the acid 
nature of a compound. From a study of the organic acids it 
appears that when the OH group is combined with the group 
CO, the compound containing these groups is an acid, whilst 
when the OH group is united with the groups Cllg or CHg the 
compound is not an acid. Thus formic and acetic acids are 
monobasic acids, malonic and oxalic are dibasic acids : 


H CH, 

I I 

CO.OH CO.OH 

Formic acid. Acetic acid. 


CO.OH ^CO.OH 

I ch/ 

CO.OH \CO.OH 

Oxalic acid. Malonic acid. 


whilst alcohol, CHg.CHg.OH, is not an acid; hydroxy-acetic 
acid, which contains i/WO OH groups, is nevertheless monobasic, 
and tartaric acid, which contains four OH groups, is only 
dibasic : 

CH3 CH2.OH CH(OH).CO.OH 

OH2.OH CO.OH CH(OF).CO.OH 

Alcohol. Hydroxj-acetio acid. Tartaric acid. 
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The group SOg exerts a similar influence, so that such a 
substance as CgHg.SOg.OH is also found to be an acid. 

Although it is characteristic of all acids that they contain 
hydrogen which can be replaced by metals, some substances 
which fulfil this condition are not acids. Thus compounds of 
such different properties as ammonia, NII3, water, HgO, and 
alcohol, CgHgOII, all yield metallic derivatives, NHgNa, NaOH, 
and CgllsONa, when they are directly acted on by metallic 
sodium; whilst marsh gas, CH4, and benzene, CqIIq, can by 
indirect means be converted into organo-metallic derivatives 
such as (CIl3)2Zn and (C3H5)2Hg. It is therefore usual to define 
acids as compounds which contain hydrogen capable of being 
replaced by a metal when the latter is presented to them in the 
form of a hydroxide. It is, however, impossible to draw a hard 
and fast line between substances which are, and those which 
are not acids, since, especially among the organic compounds, 
the two classes pass imperceptibly into one another. 

Constitution of Salts, Acids, and Bases in Dilute 
Solution. 

58 As already explained (Vol. I., pp. 122—126), the behaviour 
of acids, bases, and salts in dilute solution has led to the 
conclusion that these substances are dissociated into equal 
quantities of positively charged ions, or kations, and negatively 
charged ions, or anions, the extent of dissociation increasing in 
all cases with the dilution of the solution. Acid properties are 
found to be peculiar to substances which yield hydrogen as 
a kation, whilst the anion OH is characteristic of basic sub- 
stances. Weak acids and bases, such as acetic acid, boric acid, 
ammonia, &c., are found to be only very slightly dissociated, 
whilst strong acids and bases, such as hydrochloric and nitric 
acids, caustic soda, and caustic potash, are very largely dis- 
sociated even in moderately strong solution. The percentage 
of dissociated molecules in solutions which contain 1 gram 
equivalent per litre of the various substances, is about 80 for 
the strongest acids and bases, and 0 — 10 for weak acids and 
bases. Salts which yield a univalent kation and a univalent 
anion are dissociated, at the afore-mentioned concentration, to 
the extent of 60—70 per cent., even when the acid and base 
from which the salt is derived are both weak. 

The action of acids, bases, and salts on the colouring matters 
known as indicators, such as litmus, phenolphthalein, etc.. 
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receives a very interesting explanation in the light of this theory. 
The substances which are used as indicators are themselves 
either weak acids, or weak bases, or salts derived from them. 
Thus blue litmus solution contains the sodium salt of a very 

... . 

weak acid, the ions being the colourless kation Na, and a 

complex anion which gives the liquid its blue colour. When 
an acid is added to the solution these complex anions are 
brought into the presence of free hydrogen ions, with which 
they immediately unite to form molecules of the weak acid of 
litmus. This is much less dissociated than its sodium salt, and 
causes the liquid to appear red, the change of colour being due 
to the fact that the molecule of the undissociated acid has a 
different colour from that of the anion. 

It follows from the above that an acid indicator will be sensi- 
tive only to acids which are much more strongly dissociated 
than itself, since only such acids will bring about the practically 
complete removal of the anions of the litmus acid by combination 
with hydrogen ions. Hence it is that the various indicatois 
differ in their sensibility towards acids, and that some weak 
acids such as boric acid do not show an acid reaction towards 
litmus. In the same way, methyl-orange is not affected by 
carbonic acid or by sulphuretted hydrogen ; properties of which 
advantage is taken in various methods of volumetric analysis. 
Similar considerations hold with regard to the reactions of basic 
substances. Thus, when caustic soda is added to a solution 
of red litmus, the few free hydrogen ions of the litmus acid 

unite with the OH anions of the caustic soda, forming w^ater. 
Equilibrium being thus disturbed, fresh molecules of the acid 
undergo dissociation; the hydrogen ions thus liberated unite 

with the OH anions, and this process goes on until practically 
the whole of the molecules of the acid have been dissociated; 
the corresponding number of molecules of water are formed, 

+ — 

and the solution finally contains kations of Na, the OH anions 
from the excess of caustic soda, and the anions of the litmus 
acid, which render th6 liquid blue.^ 

Molecules capable of yielding more than two ions appear to 
b8 only very partially dissociated even at fairly low concentra- 
tions. Thus, for example, sulphuric acid, which is capable of 

^ For thus and other theories of indicators, see Thiel, Ahrens' Sammlujiy, 
1911, 16, ^07.; also Prideaux, The Theory of Indication. 
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yielding the three ions H, H, SO4, is found in dilute solutions to 

be mainly dissociated into the two ions H, and HSO4, whilst 

only a comparatively small proportion of the HSO4 ions are 

further dissociated into H and SO4. The second stage of the 
dissociation does not become very prominent until concentra- 
tions of the order of one-tenth or one-hundredth of a gram 
equivalent per litre are reached. 

Some salts in which no replaceable hydrogen is present do not 
give a neutral reaction when dissolved in water, whilst others 
containing replaceable hydrogen are not acid to indicators. 
Thus salts formed from a strong acid and a weak base, such as 
ferric chloride, chromic chloride, aluminium sulphate, etc., usually 
have an acid reaction, whilst, on the other hand, salts formed 
from a weak acid and a strong base have an alkaline reaction, 
as is seen in the case of sodium carbonate, sodium borate, 
sodium nitrite, sodium aluininate, sodium silicate, etc. More- 
over, disodium hydrogen phosphate, Na2HP04, sodium bicar- 
bonate, NallCOg, and similar acid salts are neutral, or even 
alkaline, to indicators. It seems probable that in such cases 
the salt is partially decomposed or hydrolysed by the solvent 
water, which, as shown by its electrical conductivity, contains 
a certain number of free hydrogen and hydroxyl ions, although 
this number must be a very small one (Yol. I., p. 300). 
Taking the example of a salt of a weak monobasic acid, such as 
nitrous acid, with a strong base, such as caustic soda, we have 
the following relations. When sodium nitrite is dissolved in 
water the following reaction probably occurs between a few of 

+ — 

the ions of the salt and the free ions H and OH, to which 
reference has just been made, molecules of the weak, slightly 
dissociated acid, HNOg, being formed : 

Na -f NOg + n + OH = Na + OH + HNOg. 

As a result of this action there remains an excess of hydroxyl 
Ions, and the solution has therefore an alkaline reaction. 
Similar conditions prevail in solutions of many salts of weak 
acids, for example, those of potassium cyanide, which ahyays 
smell of hydrogen cyanide. When, on the other hand^ the sa\t 
lias been formed from a strong acid and a weak base, the hydro- 
gen ions are present in excess, and the solution has an acid 
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reaction. Some salts which have been formed from a weak 
acid and a weak base are completely decomposed in dilute 
solution. This is especially characteristic of the salts of the 
weak organic bases.^ 


METALLIC OXIDES, HYDROXIDES, AND SALTS. 

59 All the metals combine with oxygen. Some, Such as those 
of the alkalis and alkaline earths, unite with oxygen so readily 
that they have to be preserved out of contact with air. Other 
metals withstand the action of oxygen at the ordinary tempera- 
ture, but combine with it when heated. When such metals are 
easily volatile, as is the case with magnesium and zinc, they 
burn with a bright flame in the air or in oxygen. If they 
do not volatilise readily, e.g., tin and lead, the metals gradually 
undergo oxidation without production of light. A few metals, 
such as gold and platinum, cannot be made to unite directly 
with oxygen, even at the highest temperatures, but their oxides 
can be prepared by indirect means. Chlorine attacks all metals, 
and if the chlorides of those metals which are not directly 
oxidisable are decomposed by an alkali, their oxides or hydroxides 
are formed : thus — 


2 AuCl + 2 K 0 H AugO + 2 KC 1 + HgO. 


Representatives of each of the three classes — basic oxides, 
peroxides, and acid-forming oxides— into which the oxides in 
general may be roughly divided (Vol. I., p. 260 ), are found 
among the oxides of the metals. 

(a) Basic Oxides , — The term basic oxide is applied only to 
such oxides as react with acids to form the corresponding salt 
and water, and hence all these oxides are formulated as derived 
from water by the replacement of hydrogen by a metal, or a 
radical containing a metal united with oxygen. Thus in 
uranium oxide, UO3, which yields salts such as U02(N03)2, the 
hydrogen of water is replaced by the radical UO^, which is 
present also in the salts. When only a part of the hydrogen is 
replaced by a metal or radical, the resulting compound is termed 


hydroxide, e.g,^ 


Ca< . 
^OH 


The hydroxides were formerly 


^ See Ostwald, The Scientific Foundations of Analytical Chemistry, Trans- 
lated by McGowan (Macmillan, 1900). See also Lewis, A System of Physical 
Chemistry (Longmans), for a fuller account of hydrolysis. 
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called hydrates, as they were supposed to be compounds of the 
oxides with water. 

Many of the metals form several basic oxides and correspond- 
ing series of salts, in which they have a different equivalent, as 
shown in the following list : 


Mercurous oxide 

1 >0 

Ferrous oxide . 

Fe=0 


^OII 

Ferrous hydroxide . 

Fe/ 

/oh 


Mercuric oxide 
Ferric oxide . 0"^ 


Hg=0 
Fe = 0 


\ 


Fe - 0 
/OH 


Ferric hydroxide . Fcy OH 

\0H 


It must be remembered that only the empirical formula of most 
of the oxides and hydroxides is known, and that therefore no 
conclusion as to the valency of the metal can be drawn from 
these formulae. Thus ferrous oxide may, for all we know, have 
the formula Fe202, and the constitution 0 = Fe — Fe = 0. 

The basic oxides are, as a rule, obtained by the direct oxida- 
tion of the metal, or by one of the following methods : 

(1) The decomposition by heat of a salt derived from the 
metal and an acid the anhydride of which is volatile, or yields 
volatile decomposition products : 

PbCOa ==: PbO + COg. 

ZnSO^ = ZnO + SO3. 

4 A 1 (N 03)3 = 2AI2O3 + I2NO2 + 3O2. 

(2) The decomposition of the hydroxide by heat : 

2Cr(OH)3 = CrgOa + SHgO. 

The basic hydroxides are usually prepared as follows : 

(1) By the reaction of a soluble hydroxide on a salt of the 
metal : 

2NaH0 + ZnSO^ = Na2S04 + Zn(0H)2. 

The oxide itself is, however, sometimes formed in this reaction 
instead of the hydroxide : 

2NaOH + 2AgN03 = 2NaN03 + Ag20 + HgO. 

(2) By the direct combination of the oxide with water : 

CaO + HgO = Ca(0H)2. 

The hydroxides of the alkali metals are the most soluble. 
They are termed alkalis, and are distinguished by their , caustic 
VOL. II. (I.) I 
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taste. The hydroxides of the metals of the alkaline earths are 
less soluble. Most of the other hydroxides and basic oxides are 
almost insoluble in water. Exceptions to this are thallous 
hydroxide, which is very soluble in water, and the oxides of lead, 
silver, and magnesium, which dissolve very slightly. 

(b) AcM-forming Oxides , — The hydroxides corresponding with 
these oxides are the acids, but only comparatively few of these 
are known in the free state among the derivatives of the metals. 
Like the basic oxides, they are formulated as derived from water 
by the complete or partial replacement of the hydrogen by a 
metal or radical. They are usually obtained by the addition 
of a stronger acid to a salt derived from the acid-forming oxide 
in question : 

K2Cr207 + H2SO4 = K2SO4 + 2Cr03 + H^O. 

It is a general rule that the acid-forming oxides of a metal 
contain more oxygen than the basic oxides of the same metal. 
Thus BigOg is a basic oxide, while BigOg is a weak acid-forming 
oxide; again, VO is a basic oxide, whilst VoOg yields a strong 
acid which forms stable salts. 

(c) Peroxides , — The term peroxide is applied generally to 
oxides which are neither basic nor acid-forming, but contain 
more oxygen than the basic oxides of the same metal. Many 
of these peroxides appear to be derived from hydrogen peroxide 
in the same way as the basic and acid-forming oxides are derived 
from water. Thus, when they are treated with an acid they 
yield a salt and hydrogen peroxide : 

+ 2HC1 - BaClg + H.O.O.H, 

while some of them may be prepared by double decomposition 
between a salt of the metal and hydrogen peroxide. In some 
cases such oxides are to be considered as having a mixed 
constitution, part of their oxygen being derived from water 
and part from hydrogen peroxide. 

Peroxides which are not true derivatives of hydrogen peroxide, 
on the other hand, act in the presence of acids simply as 
oxidising agents. Thus, when they are treated with hydro- 
chloric acid, chlorine is evolved, and the salt corresponding to a 
h'wer basic oxide is formed : 




PbOg + 4HC1 = PbCI, + 2H,0 CI 2 . 
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It is, however, impossible to employ this reaction as the basis of 
a rigid classification of the peroxides, since the behaviour of 
the various oxides towards hydrochloric acid has not been 
sufficiently investigated. 

This action of hydrochloric acid on the higher oxides of the 
metals is frequently employed for the determination of the 
composition of these oxides, and for their analytical estimation 
(Bunsen). The chlorine evolved from a known weight of the 
oxide is passed into a solution of potassium iodide, and the 
iodine liberated is estimated by means of a standard solution of 
sodium thiosulphate. Many oxides which are not peroxides 
undergo the same reaction, a salt corresponding with a lower 
oxide being formed : 

2 Cr 03 + 12Ha = GHgO + 2CrCl3 + SClg. 

60 In addition to the classes of oxides which have already been 
discussed, many metals also yield sub-oxides, containing less 
oxygen than the lowest oxide of the metal which is capable of 
yielding salts, e,g., CU4O, Pb20, &c. The constitution of these 
oxides is not at present understood. Many metals, moreover, 
form intermediate oxides, to which no corresponding salts are 
known. Such oxides are intermediate in composition between 
two of the other oxides of the metal, and generally yield a 
mixture of products when treated with acids. Thus magnetic 
oxide of iron, Fe304, which is intermediate between ferrous 
and ferric oxides, FeO and Fe203, yields a mixture of ferrous 
and ferric chlorides when it is dissolved in hydrochloric acid : 

Fe304 + 8HC1 = FeClg + 2FeCl3 + 

Eed lead, Pb304, on the other hand, which is intermediate 
between the monoxide and the peroxide of lead, PbO and 
PbOg, is converted into lead nitrate and lead peroxide when 
it is treated with dilute nitric acid : 

Pb 304 + 4HNO3 = 2Pb(N03)2 + PbOg + 2H2O. 

61 It will be seen from the foregoing that the classification 
of the oxides is based mainly on the behaviour of these com- 
pounds with regard to the formation of salts. Since an oxide 
may exhibit varying behaviour in this respect when it is placed 
under different conditions, it follows that the same oxide may 
be found as a member of more than one class. Many oxides, 
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for example, act as basic oxides towards strong acids, but as 
acid-forming oxides towards strong bases, and on this ground 
are described as “ amphoteric.’’ Thus aluminium hydroxide 
is dissolved by sulphuric acid with formation of aluminium 
sulphate : 

2 A 1 ( 0 H )3 -b 3H2SO4 = Al 2 (S 0 i )3 + GII2O, 

and also by caustic soda with formation of sodium aluminate, 

A1(0H)3 + NaOH = Al(0H)20Na + H^O. 

Again, when black oxide of manganese, MnOg, is warmed with 
hydrochloric acid, chlorine is evolved and manganous chloride is 
formed, so that the oxide behaves as a peroxide : 

MnOg + 4 HC 1 = MnClg + Cl^ + 2H2O. 

At a lower temperature, however, an unstable salt is formed 
which is known only in solution, so that in this case the oxide 
acts as a basic one : 


MnOg + 4 HC 1 = MnCl^ -f 2 HoO. 

The same oxide combines also with strongly basic oxides such 
as lime, CaO, to form unstable manganites, such as CaO.MnOg, 
in which it plays the part of an acid-forming oxide. 

62 Salts may be divided into several groups. 

(1) Normal salts are those in which the whole of the re- 
placeable hydrogen of an acid is completely replaced by a metal. 
These were formerly called neutral salts, or salia media, because 
it was noticed that when an alkali was added in the right 
proportion to a powerful acid the resulting salt possessed neither 
an alkaline nor an acid reaction. This, however, is not the 
case with every normal salt (see p. 111). 

Polybasic acids can form salts containing two or more 
different metals : as, for instance, potassium sodium car- 

( OK 

ONa’ Polyacid bases, on the other hand, may 
give rise to salts which contain two acid radicals : e.g., 

Sr g Q» a compound which is at the same time a nitrate 
and an acetate; as another and more complex example the 

mineral vanadinite may be cited, Vo|o)^^ , which is a cal- 

lOCaCl 
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cium salt of tribasic vanadic acid, and at the same time a 
chloride. 

The salts formed by the union of an acid-forming oxide with 
a normal salt, or by the removal of water from an acid salt, are 
sometimes called acid salts, but are really normal salts derived 
from complex acids, which, however, often do not exist in the 
free state. Sodium pyrophosphate, for instance, which is 
obtained by heating ordinary sodium phosphate to redness, 

P rOH == ^ +^=^0, 

^'®((0Na)2 P0[(0Na)2 


IS the normal salt of pyrophosphoric acid, ir4P2()7, which can be 
})repared in the free state, and also yields an acid salt, Na2H2P207. 
The acids corresponding with potassium dichromato, 
borax, Na2B407, etc., on the other hand, are not known. Further 
examples of this class of substances are potassium disulphate 
or pyrosulphate, obtairu^d by heating potassium hydrogen 
sulphate, 


SO (OK 

so 


^0 


so. 


H,0, 


nOK 


sodium metabisulphite, Na2S205> many complex phosphates, 
borates, and silicates (Vol. I., pp. G71, 736, 930).^ 

(2) Ackl salts are formed when only a portion of the 
replaceable hydrogen contained in a polybasic acid is sub- 
stituted by a metal. The acid salts often possess an acid 

OK 

reaction, as is the case with acid potassium sulphate, »^02 [o}f 


but, as we have seen, this reaction is dependent on the nature 
of the acid and the base (see p. 111). 

(3) Basic salts stand in the same relation to the basic hydr- 
oxides as the acid salts to the acids. They may be regarded as 
formed from the basic hydroxides by the reaction of only a 
part of their hydroxyl groups with the hydrogen of an ac^’d, 



OH 
Cl • 


Some of these salts do not contain a hydroxyl group, and 
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these may be considered as the normal salts of complex basic 
radicals. Thus, basic bismuth chloride (bismuth oxychloride), 
BiOCl, may be looked upon as the chloride of BiO(OH), 
derived by loss of water from bismuth hydroxide, Bi(OH)3, 
just as meta-phosphoric acid from ortho-phosphoric acid. 

Basic salts are sometimes formed by the combination of a 
normal salt with a hydroxide. Thus, if a solution of lead nitrate 
is boiled with lead hydroxide, a basic lead nitrate is formed ; 


Pb 


fONOg 

\ONO2 


+ Pb 


(OH _ 
\OH 



OH 

ONO./ 


Basic zinc 


chloride, Zn 



, may be obtained in the same way. 


Basic bismuth nitrate, on the other hand, is obtained by the 
action of water on the normal salt : 


fONOa 
Bi ONOo 
ONO 


foil 

2H,0 = TM 0n 4 2N020Tr. 
lONOj 


Amongst othei basic salts may be mentioned : 

Malachite. Blue Carbonate of Copper. White Lead. 


p^fOCuOII 

^^(OCuOlI 


nn ( OCuOH 
'^»Cu 
OCuOH 


p^,oi’bon 

^ io\pb 

^’-^OPbOH. 


Basic Mercuric Sulphate. 



( i) Complex and Double Salts, When two salts are dissolved in 
water and the solution evaporated, it frequently happens that 
the crystals which arc formed contain the two salts combined in 
definite molecular proportions, often along with water of crystal- 
lisation. Thus, when potassium sulphate, K2SO4, and alumin- 
ium sulphate, Al2fS04)3,18H20, are treated in this way, 
cjystals of potash alum, K2S04,Al2(S0j)3,24H20, are obtained ; 
whilst potassium chloride, KCl, and platinic chloride, PtCI^, 
yield the compound K2PtCl(j, potassium platinichloride. A dis- 
tinction is usually made between complex salts such as potass- 
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iura platinichloride, and double salts such as potash alum 
(Ostwald). Members of the former class yield, even in dilute 
solution, a complex ion, which differs from the ions of either of 
the component salts, whereas true double salts yield the same ions 
as the single salts from which they have been formed. Thus the 
salt K^PtClg yields the complex anion PtC^, whilst alum yields 
the same ions as potassium sulphate and aluminium sulphate. 
This distinction, however, is not absolute, since most double salts 
yield a certain proportion of complex ions, at all events in 
concentrated solution. 

Complex salts are best regarded as the salts of complex acids 
or bases, and their chemical behaviour, as has already been 
pointed out (Vpl. I., p. 126), is often quite different from that 
of their constituent salts. 

Doable salts. Although very many double salts have been 
prepared, very little is known as to the constitution of com- 
pounds of this class. Their aqueous solutions as a rule exhibit 
the properties which would bo expected of a mixture of the 
solutions of the component salts, although there is evidence in 
some cases of the existence in solution of an unstable complex. 
The relation of the solid salts to water is of great importance, 
and is discussed later (p. 127). 

Among the double salts are found many series of isomorphous 
salts: a typical example is furnished by the double sulphates 
K'2S04,R"S04,Gir2(), in which R' represents the alkali metals 
K, Rb, and Cs, together with NH^ and Tl', whilst R" represents 
the divalent metals such as Mg, Zn, Cd, Mn", Fe", Ni, and Co. 


Solubility of Salts. 

63 A very important property of salts is the manner in which 
they behave when treated with water. Strictly speaking, all 
salts are soluble to some extent in these circumstances, but 
in many cases the amount dissolved is so minute that for 
most purposes it may be neglected, and it is usual to classify 
salts roughly as soluble, sparingly soluble, and insoluble, in 
water. 

The extent of the variation in the solubility of different salts 
is illustrated by the following table, the figures in which repre* 
sent the weight, in grams of anhydrous salt, dissolved by 100 
grams of water at 15-18° C. The formula gives in each case 
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the composition of the solid which is in equilibrium with the 
saturated solution at the same temperature. 


Potassium carbonate, KgCO^ 2 H 2 O 

110-5 

Calcium chloride, CaClgjfillgO 

66 

Sodium chloride, NaCl . 

35-9 

Potassium nitrate, KNO 3 

. 26 

Potassium sulphate, K,S 04 

10-3 

Potassium perchlorate, KC 1()4 

1-5 

Calcium sulphate, CaS 04 , 2 H 20 

0-20 

Strontium sulphate, SrS 04 

0-011 

Lead sulphate, PbS 04 . 

0-0041 

Barium sulphate, BaSOj 

0-00026 

Silver chloride, AgCl 

0-00014 

Silver bromide, AgBr 

0-00001 

Silver iodide, Agl 

0-0000002 


The solubility of a given salt has a definite value at each 
temperature. In a few instances, such as calcium hydroxide, 
and the calcium salts of certain organic acids, the solubility 
diminishes with rising temperature, but the great majority of 
salts exhibit an increase of solubility as the temperature rises. 
In some cases, such as that of potassium chloride, the solubility 
increases proportionally to the rise of temperature, ?.c., the 
solubility curve is a straight line, but, as a general rule, the 
curve becomes steeper as the temperature rises. Instances of 
this will be found in Fig. 8 , where a number of solubility- 
temperature curves are reproduced, the abscissse representing 
temperatures, and the ordinates the weights of salt dissolved by 
100 grams of water. 

The variation of solubility with temperature may be 
conveniently represented also by interpolation formulae, the 
constants in which are deduced from direct experiment. Thus, 
if S represents solubility at the temperature t° C., we have for 
potassium nitrate ; 

S - 13-32 + 0-5738^ + 0-01717^2 + 0-000003598/3. 

The process of dissolution of a salt in water is generally 
accompanied by absorption of heat, but there are many cases 
iir which heat is evolved. The heat of solution, for instance, of 
a hydrated salt is generally negative, whereas that of the cor- 
responding anhydrous salt is positive. Salts which do not form 
hydrates^ have, as a rule, a negative heat of solution. 
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The first action of water on a salt, or, speaking generally, of 
a solvent on any crystalline substance, is to liberate those 
molecules with which it is in contact, and to allow them to dis- 
tribute themselves equally throughout the liquid; this process 



Fig. 8. 


continues, provided an excess of the salt is present, until no 
more of the latter is dissolved, a condition of equilibrium being 
thus established between the solution and the salt. T];ie 
condition of equilibrium is expressed by the solubility, which, 
as already shown, varies according to the nature of salt 
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and the temperature. Hence the solubility at a given tem- 
perature depends upon the exact nature of the solid present, 
and when a salt crystallises in two different forms the solubility 
may be different in the two cases. Thus it is that the solubility 
of an anhydrous salt is different from that of each of its 
hydrates, as, for example, in the case of calcium sulphate, 
which is much more soluble as the hemihydrate than when 
combined with two molecules of water to form gypsum. 

The fact that the solubility depends on the exact nature of 
the solid in equilibrium with the saturated solution has also 
supplied the explanation of certain cases of abnormal solubility, 
of which sodium sulphate is a typical example. As will be seen 
from the diagram. Fig. 9, the solubility of this salt rises 
rapidly from 0° to 32*5°, but decreases from that point onwards, 
and is considerably less at 100°. It was formerly supposed 
that up to 32-5° the liquid contained the hydrate Na2SO4,10n2O 
in solution, and that above this temperature the latter under- 
went dissociation, the solution then containing the anhydrous 
salt. There is, however, no evidence of any sudden change in 
the properties of the solution, such as its vapour pressure or 
viscosity, at any point, and it has been shown that the above 
behaviour is really due, not to any change in the constitution 
of the liquid, but to a change in the solid substance with 
which the saturated solution is in equilibrium. Up to 32-5° 
the solid salt present is Na2»S04,10n20, and below that 
temperature the curve represents the solubility of this hydrate 
in water; at 32-5° the crystals of the hydrate are dissociated 
into water and anhydrous salt, and above that temperature the 
curve represents the diminishing solubility of the latter with 
rise of temperature; the curve, therefore, is a combination of 
two separate solubility curves which meet at 32*5°, When a 
solution which has been saturated at 32-5° is warmed, the 
anhydrous salt is deposited, whilst when it is cooled the 
hydrate Na2SO4,10n2O separates out. 

64 The temperature 32-5°, at which the change from 
Na2S04,10H20 to Na2S04 occurs, is called the transition 
temperature for this pair of substances, and, like the melting 
point of a solid, is a perfectly definite temperature, depending 
only on the pressure. Above 32*5°, the decahydrate is unstable, 
below it, the anhydrous salt and water form an unstable system 
and unite to form the decahydrate. Such transition tempera- 
tures are very definite points, and on this ^ground may be 
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employed in the standardisation of thermometers.^ Like the 
melting point, moreover, the transition temperature is a point 
at which absorption of heat, change of volume, and change of 
vapour pressure occur, and it can be determined experimentally 
by observations of any of these effects. 

The break in the solubility curve occurring at a transition 
temperature is generally much less marked than in the case of 
sodium sulphate. When each of the hydrates which are in 
equilibrium at the transition temperature becomes more soluble 
with rising temperature, the slopes of the solubility curves 
for the two compounds may not be very different. Instances 
of this are found in connection with the hydrates of copper 
nitrate and lithium nitrate. 

6s The examination of the relations of a salt to water in the 
manner exemplified above by the case of sodium sulphate is of 
great importance for the study of the various hydrates formed 
by the salt. In the investigation of the conditions of equilibrium 
in various systems of solids, liquids, and gases, of which the 
foregoing is a special case, each of the chemical substances 
present is called a component of the system, and each uniform 
solid, liquid, or gas present is termed a j)hase. The state of 
equilibrium of any such system is fully defined when the three 
variable factors of temperature, pressure, and concentration are 
known. These are not, however, always independent of each 
other, since in many systems when one of them is fixed the 
other two must also have fixed and invariable values. When 
hydrated sodium sulphate is in equilibrium with water, for 
example, only one of these factors can be independently varied, 
since a change in one of them brings with it a corresponding 
change in the others, and a new condition of equilibrium. 
Thus a change of temperature necessitates a change in the 
concentration and vapour pressure of the saturated solution. 
Such a system, in which it is necessary to fix only one of the 
three variable factors in order to have a fully defined state of 
equilibrium, is said to have one degree of freedom, and other 
systems exist which have two, three, or no degrees of freedom. 

It lias been found that the number of degrees of freedom 
depends entirely on the number of components and phases 
which are present, and the general law expressing the relation 
between these was established by Willard Gibbs in 1874, and is 

^ Soe Bichards and others, Zeil, physikal. Chem., 1898, 26, 690; 28, 313; 
1903,43, 465; 1906,58,348; 1907, 61,313. 
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known as the 'phase rule. This states that, in any system which 
is in equilibrium, the number of degrees of freedom may be 
calculated by adding two to the number of components and 
subtracting the number of phases. Considering the case of the 
solubility of sodium sulphate in water, the components of the 
system are sodium sulphate and water. Below 32-5°, there are 
three phases, solid hydrated sodium sulphate, NaoSO,i,10ILO, 
liquid solution, and water vapour, and this system, as already 
mentioned, has one degree of freedom. At the transition tem- 
perature, when the solid decahydrate and the anhydrous salt 
co-exist in contact with the saturated solution, there are four 
phases, viz., the two solid phases just mentioned, together with 
the liquid solution and the water vapour. At this tempera- 
ture, therefore, the system has no degree of freedom, and any 
change in one of the variable factors, for example, tlie tempera- 
ture, will lead to the disappearance of one of the phases. Above 
32-5°, there are again only three phases present, viz., solid 
anhydrous sodium sulphate, its saturated solution, and water 
vapour, and the system has as before one degree of freedom. 
The application of the phase rule to the study of ecpiilibria can- 
not be further pursued here, and reference must be made to 
works on physical chemistry in which it is fully treated ^ 

66 The change of the decahydrate into the anhydrous salt 
does not invariably occur as soon as the transition temperature 
is passed, but may be delayed until a somewhat higher tempera- 
ture is attained, provided that the anhydrous salt is absent; 
but if some of this is then introduced, the change commences 
at once, and proceeds until the whole of the decahydrate has 
been converted into the anhydrous salt. In a case like this 
the system is said to be melastable, /.c., the system is in itself 
stable and no spontaneous change occurs, but as soon as a 
particular new phase is introduced the system at once becomes 
unstable and undergoes change with the production of this 
new phase. When, on the other hand, a system undergoes 
spontaneous change it is said to be labile or unstable,^ A system 
can often exist in metastable equilibrium through a consider- 
able range of temperature, and in fact some hydrates have been 
prepared which are known only in the metastable condition. 

' Lancroft, The Phase Rule (Leipzig and Ithaca, 1897); Findlay, The Phase 
R le (Longmans, 1918); Roozeboom, Die heterogenen Oleichgewichte vom 
Standpunkte der Phasenlehre (Vioweg, Braunschweig, 1901). 

* Ostwald, Zett. physikal. Chem„ 1897, 302. 
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Sodium sulphate affords instances of all these phenomena. 
The solubility curve of the anhydrous salt (Fig. 9, curve B) 
has been traced below the transition point to and that 
of the decahydrate (curve A) above it to 34°. The dotted 
portions of the curves represent the solubility at temperatures 
beyond the transition point, in regions in which the systems 
are therefore in metastable equilibrium. These dotted curves 
are continuous with the curves obtained for the stable systems, 
and this circumstance shows clearly that the abnormality of the 
solubility curve of sodium sulphate is due to the fact that it is 
made up of portions of the two curves A and J5, representing 



Fig. 9. 


the solubilities of the two distinct substances Na 2 SO 4 , 10 H 2 O 
and NaoSO^j. A third hydrate, NagSO^jTHoO, has also been 
prepared by allowing a solution of sodium sulphate to crystallise 
at 17°, and its solubility is shown by the curve C, which cuts 
the curve B at 24-2°. This substance is more soluble than the 
decahydrate throughout the whole course of the curve, and hence 
if a crystal of the decahydrate were introduced at any tempera^ 
ture into a solution saturated with the heptahydrate, NagSO, 
lOHgO would crystallise out until the solution had the composition 
represented by the point on the curve A corresponding with 
the temperature at which the addition had been made. In 
other words, the heptahydrate is metastable throughout with 
respect to the decahydrate. This case is a typical one, for it 
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is the rule that the solubility of a metastable hydrate is greater 
than that of the hydrate which is stable at the same temperature. 

67 Somewhat different conditions prevail when the hydrated 
salt melts completely at a definite temperature, forming a 
single liquid phase of the same composition as the hydrate. In 
this case the hydrate behaves like an individual compound, and 
its melting point is accordingly lowered by the addition ot any 



Fig. 10. 

other soluble substance. It follows from this that the addition 
of either water or the anhydrous salt lowers the temperature at 
which the solid hydrate separates out, so that the melting point 
of the hydrate represents a point of maximum solubility. This 
is well shown in the case of ferric chloride,^ FcoClg, which forms 
hydrates with 12, 7, 5, and 4 molecules of water, each of which 
exhibit-s this behaviour. The complete equilibrium curve for 
the hydrate with I2H2O and its saturated solution is shown in 

^ Roozeboom, ZeiL phjsikah Chem., 1892, 10, 477. The formula FcgClfi is 
chosen to obtain simple formula) for the hydrates. 
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Fig. 10 , in which the solubility is expressed in molecules of 
Fe.Clg per hundred molecules of water. Curve A, extending 
from 0 ® to — 55 °, represents the temperatures of separation of ice 
from solutions of increasing concentration ; the lowest temperature 
at which the hydrate with I2H2O is formed is — 55 °, and the 
solubility rapidly rises (curve B) until 37 ° is reached, at which 
temperature the hydrate melts. From this point, the temperature 
of equilibrium between the hydrate and the solution falls with 
increase of concentration, and this reflexed portion of the curve 
has been traced back as far as 8 °. Below 27 - 4 °, the equilibrium 
becomes metastable, since at this point the curve intersects the 
solubility curve (C) of the hydrate Fe 2 Cl 6 , 7 H 20 . Similar be- 
haviour is shown also by the other hydrates of ferric chloride, 
by the hexahydrate of calcium chloride, and by many other 
analogous substances. 

It is instructive to compare the solubility-temperature^ 
curves for salts which form well-defined hydrates with the 
freezing-point curves of binary alloys (see p. 89 ). The results 
obtained in both cases are to be interpreted in a similar manner, 

68 Double Salts , — The conditions of formation and stability 
of double salts, and their behaviour towards solvents, form 
a subject of great importance, the development of which is due 
mainly to van’t Hoff and Eoozeboom. Only their mam 
conclusions can be mentioned here. The formation of a 
double salt from two salts dissolved in water depends in the 
first place on the temperature of the system. In some cases 
the double salt can exist only below a certain temperature 
(2KCl,CuCl2,2H20), in others it is formed only above a certain 
temperature (Na2S04,MgS04,4Il20), but in each case there is 
a transition temperature at which the double salt and its com- 
ponent single salts can exist together in the solid state in equi- 
librium with a saturated solution. 

When equivalent amounts of hydrated sodium sulphate, 
Na2S04,10H20, and hydrated magnesium sulphate, MgS04,7H20, 
are treated with a small quantity of water at 15 °, a 
solution is obtained which is saturated with both sub- 
stances and is in equilibrium with the solid salts. A 22 °, 
which is the transition point for a mixture of these salts and 
astracanite, Na2S04,MgS04,4H20, a certain amount of thisso^ble 
salt is formed, and there is then equilibrium between the double 
salt, the two single salts, and the saturated solution. As the tem- 
perature rises above 22 °, the single salts gradually dissolve and 
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the less soluble astracanite separates out, and if the molecular 
solubility of the two single salts were equal, the whole of the 
solid would thus be converted at once into the double salt. Owing, 
however, to the greater solubility of magnesium sulphate, some 
sodium sulphate is at first left imdissolved, whilst the solution 
contains more molecules of magnesium sulphate than of sodium 
sulphate. Thus at 23*^, the solution contains about 1-4 mols. 
of magnesium sulphate to each molecule of sodium sulphate, 
whilst the soUd present is a mixture of sodium sulphate with 
astracanite. This inequality finally disappears at 27°, and at 
this temperature solid astracanite alone is left in contact with a 
saturated solution containing the sulphates of sodium and 
magnesium in the same proportion as the solid salt. The range 
of temperature between 22° and 25° is termed the transition 
iniervaly and it is only at temperatures beyond the transition 
interval that a double salt is not decomposed by water. Below 
22 °, then, astracanite, when brought into contact with water 
is completely decomposed into its constituent single salts; at 
22°, it exists in equilibrium with both of them; from 22° to 25°, 
it is decomposed with separation of sodium sulphate, and above 
25° it is not decomposed by water at all. 

Potassium cupric chloride, 2 KCl,CuCl 2 , 21120 , in contrast 
with astracanite, is stable in contact with its saturated solution 
at ordinary temperatures, but decomposes at 92°, the transition 
point, into potassium chloride and a new soluble salt, KCl,CuCl 2 . 
Carnallite, KCl,MgCl 2 , 6 H 20 , is completely decomposed by 
water at 167-8° into the chlorides of magnesium and potassium, 
and is partially decomposed at all temperatures below this with 
separation of potassium chloride, so that a pure saturated 
solution of carnallite in water cannot be prepared. Potash 
alum, on the other hand, is stable in presence of its solution at 
all temperatures up to 92-5°. 

When the salts present are capable of undergoing chemical 
change, such as double decomposition, and when more than two 
single salts are present, the conditions of equilibrium become 
much more involved. Many extremely complicated cases have 
been examined by van’t Hofi in a series of researches on the 
formation of the Stassfurt minerals, for an account of which 
the original papers must be consulted.^ , 

van't Hoff, BiHung und Spaltung von Doppdsalzen, Zur Btldung der 
oztankchen Salzallagerungen (Braunschweig, 1^5). See also K. F. Arm- 
strong, British Assoc, Beporis, 1901, 262; Findlay, The Phase Rule. 
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69 Metallic salts are, as a rule, insoluble or very sparingly 
soluble in organic liquids. Some liquids, however, such as 
alcohol, acetic acid, ether, acetone, pyridine, benzonitrile, etc., 
dissolve certain salts with some freedom. Thus calcium chloride, 
calcium nitrate, potassium iodide, and many others are soluble 
in alcohol, whilst mercuric chloride and zinc chloride are soluble 
both in alcohol and ether, and the solubility of cadmium bromide 
in a mixture of these two solvents has been made use of in the 
wet process of photography. Salts which are insoluble in 
alcohol are precipitated in the form of minute crystals when 
alcohol is added to their aqueous solutions, and this substance 
is therefore often used in quantitative analysis, having been first 
proposed for this purpose by Bergman in 1778. 

70 Supersaturated Solutions . — When a solution of a salt free 
from any undissolved crystals is allowed to cool quietly in 
closed vessels, it is frequently observed that no crystals separate 
out, although the quantity of salt contained in the liquid is 
greater than that which can exist in solution at that temperature 
in contact with the solid salt. Such solutions are termed 
supersaturated. If, however, a crystal of the salt is added, a rapid 
crystallisation occurs, and the clear solution is then found to 
contain the normal amount of dissolved salt. Sodium acetate 
shows the phenomenon of supersaturation in a striking manner. 
For this purpose the crystallised salt is gently warmed in a flask 
with one quarter of its weight of water until all is dissolved; 
the liquid, if not perfectly free from suspended matter, is then 
filtered into a flask, the neck of which is then closed with a 
plug of cotton-wool. If the smallest crystal of sodium acetate 
is thrown into the liquid when cold, crystallisation at once 
commences round the small particle, and in a few seconds the 
whole has assumed the solid form, the change being accompanied 
by a considerable rise of temperature. 

When a hot saturated solution of a salt is allowed to cool in 
the absence of the solid salt, the supersaturated solution which 
is produced is at first metastable (p. 124), and during this 
period crystallisation can be brought about only by the intro- 
duction of a crystal of the solid salt, or of one isomorphous with 
it. As soon as a certain temperature is reached, however, the 
solution becomes unstable or labile, and crystallisation then 
occurs spontaneously, its first appearance being much aided by 
stirring and friction. At each temperature, therefore, the 
solution remains metastable only up to a certain definite limit 

VOL II. (i.) K 
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of concentration, beyond which it becomes labile.^ A curve of 
“ supersolubility ” can thus be constructed for each salt, and it is 
found that such a curve is, as a rule, approximately parallel to 
the solubility curve. The exact temperature at which the 
change from the metastable to the labile state occurs is best 
determined by observing the sudden change in the refractive 
index of the well-stirred solution which accompanies the separa- 
tion of crystals. Thus a solution of sodium nitrate containing 
48*8 per cent, of the salt becomes labile at 20°; spontaneous 
crystallisation then occurs, and the concentration of the solution 
falls to that of a saturated solution at this temperature, 
which contains 45*8 per cent, of the salt. A solution of the 
same salt containing 51*2 per cent, of salt becomes labile 
at 30°. 

The indifferent of a supersaturated solution to crystals of 
non-isomorphous salts can readily be shown experimentally. A 
supersaturated solution of sodium acetate, prepared as described 
above, is poured gently on to the surface of a supersaturated 
solution of sodium thiosulphate, made by simply melting the 
crystals of the hydrated salt in a long test-tube. If, after 
cooling, a crystal of sodium thiosulphate is dropped into the 
tube, it falls through the lighter solution of sodium acetate without 
inducing crystallisation, but causes the immediate formation 
of crystals as soon as it comes into the heavier solution of sodium 
thiosulphate. A supersaturated solution of magnesium sulphate 
may be made to crystallise by adding either magnesium sulphate 
itself, or any one of the isomorphous sulphates of iron, zinc, 
nickel, etc., whilst sodium sulphate, sodium chloride, etc., have 
no action upon it. Supersaturated solutions of sodium sulphate 
crystallise very readily when exposed to the air, and it has been 
shown that this is due to the presence of minute crystals of this 
salt in the atmosphere. 

The amount of a solid salt required to induce crystallisation 
in a metastable solution is extremely small, amounting to about 
one ten-millionth of a milligram gram) in the case of 

sodium chlorate.* Whether this minimum amount varies with 
the degree of supersaturation of the solution has not yet been 
ascertained. 

^ Micrs and Isaac, Joum, Chem. Soc., 1906, 89» 413. See also Hartley, 
Jones, and Hutchinson, ibid,, 1908, 93, 826; Jones, ihtd,, 1908, 93, 1739; 
1909, 95, 1672; Jones and Shah, tbtd., 1913, 103, 1043. 

‘ Ostwald, Zett, phyatkaL Chem,, 1897, 22, 289. 



GENERIC PROPERTIES OF SALTS. 


131 


Fusibility and Volatility of Salts. 

71 Most of the metallic salts melt at temperatures beyond the 
range of the ordinary mercurial thermometer, but many melting 
points have been determined with accuracy by means of resistance 
or thermo-electric pyrometers. As already mentioned (p. G5), 
Carnelley has shown that, in the case of the salts which the 
metals form with the same acid, the melting point is a periodic 
function of the atomic weight of the metal contained in the salt, 
just as is the case with the metals themselves. 

The boiling point has been determined only in the case of a 
few halides, but the comparative volatility of certain salts was 
approximately ascertained by Bunsen ^ by the following method. 
A small bead of each salt weighing one centigram is placed in the 
zone of fusion of a Bunsen flame having a temperature of about 
1300°, and the time ascertained which the bead takes to volatilise. 
The following numbers give the relative volatility for certain 
salts, that of sodium chloride being taken as the standard : 

NaCl KCI KBr KI K^SO^ K0CO3 
Seconds. 84-2 63-4 41-0 29-8 6G5-2 272*0 

Volatility, 1*000 1*288 2*055 2*828 0*127 0*310 

It has been shown by Bailey that certain salts are slightly 
volatile when their aqueous solutions are evaporated, even 
when all precautions are taken to prevent their being carried 
over mechanically. This phenomenon has been more closely 
examined in the case of the chlorides of the alkali metals, 
and it has been shown that the volatility increases with the 
molecular weight of the chloride and the concentration of the 
solution. 


Generic Properties of Salts. 

72 The generic properties of the metallic salts have in most 
cases been already given in Vol. I., under the respective acids. 
The most important points, however, are shortly recapitulated 
here. 

Fluorides , — In their general properties the fluorides closely 
resemble the chlorides, but are, as a rule, much less soluble in 
water. Potassium, ammonium, silver, and stannous fluoride 
dissolve readily, the sodium and lithium salts less easily, those 
of the alkaline earth metals very sparingly, whilst the remainder 

^ Phtl, Mag., 1866, [4], 32, 86. * Journ. Chem. Soc., 1894, 65, 446. 
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are almost insoluble. The alkali fluorides unite with hydrogen 
fluoride, and with the fluorides of the more electronegative 
elements, to form double fluorides, which usually crystallise well. 
Thus we have : 

Potassium hydrofluoride, KF,HF KHFo 
Potassium borofluoride, KFjBFg = KBF4 

Potassium silicofluoride, 2KF,SiF4 = KgSiFjj 

Potassium tantalofluoride, 2KF,TaF3 =-- K2TaF7. 

Chlorides . — The greater number of the chlorides are solids, 
but a few, such as stannic chloride, SnC^, titanic chloride, 
TiCl4, and antimony pentachloride, SbCl-, are liquids, and 
these, as well as mercuric chloride, HgCU, and antimony tri- 
chloride, SbClg, may be readily volatilised. The majority 
melt at a fairly high temperature, and can be volatilised only 
at a red heat or higher temperature. A few, such as gold 
chloride, AuClg, and platinum chloride, PtCl„ decompose into 
their elements when strongly heated. With the following ex- 
ceptions, they dissolve readily in water : aurous chloride, AuCl, 
silver chloride, AgCl, mercurous chloride, HggClg, cuprous 
chloride, CugOlg, platinous chloride, PtCl2, palladious chloride, 
PdCl2, thallous chloride, TlCl, and lead chloride, PbCl2 ; the last 
two dissolve to a slight extent in cold, and readily in hot water. 

In some cases the chlorides are chemically acted on by water, 
giving rise to basic compounds ; thus, the trichlorides of bismuth 
and antimony yield insoluble oxychlorides : 

BiCla -f H2O -= BiOCl + 2 HC 1 . 

Others, such as titanium chloride, are completely decomposed 
into hydrochloric acid and a hydroxide of the metal. 

Many double chlorides are also known, similar to the double 
fluorides, but the tendency to the formation of the former is 
not so strong. The most characteristic are the platinichlorides, 
such as potassium and ammonium platinichlorides, KgPtClg and 
(NH4)2PtCle, which may be regarded as salts of the acid 
H2PtCl6. 

Bromides and Iodides closely resemble the corresponding 
dilorides. 

Cyanides . — These salts are classed with the halides, which they 
closely resemble in properties. The cyanides of the alkali and 
alkaline-earth metals and mercury are soluble in water; the 
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remainder are insoluble, but dissolve in a solution of potassium 
cyanide, forming double cyanides. 

Some of these double cyanides are properly described as 
complex salts, no longer giving the reactions of the character- 
istte metal (other than potassium) which is present. Thus, 
potassium ferrocyanide and ferricyanide in neutral or acid 
solution do not give the reactions which are typical of ordinary 
ferrous and ferric salts. According to the electrolytic dis- 
sociation theory, the iron in the ferro- and ferri-cyanides is part 
of a complex negative ion, the reactions of which arc quite 
different from those of the positive iron ion. 

The complex formation is less stable in the case of potassium 
silver cyanide, KAg(CN) 2 , obtained by the action of potassium 
cyanide on silver cyanide. In aqueous solution this substance 

appears to be dissociated mainly into the ions K and Ag(CN) 2 , 
for when the solution is electrolysed the silver migrates towards 
the anode as part of the negative ion. A solution of potassium 
silver cyanide gives only a few of the ordinary reactions of 
silver salts : that it does so at all is probably due to the presence 

of a small quantity of Ag ion, arising from the slight dissociation 
of the Ag(CN) 2 , ion. 

Differences in the stability of double cyanides are utilised in 
the qualitative separation of copper and cadmium on the one 
hand, and of nickel and cobalt on the other. 

Hjfpochhntes , — The salts of hypochlorous acid arc almost 
unknown in the free state, as they are generally obtained 
together with chlorides by the action of chlorine on cold solu- 
tions of the hydroxides of the metals, and cannot be isolated 
from the solution. 

Chlorates , — The chlorates are all soluble in water, that of 
potassium being one of the least soluble, and they all decompose 
on heating, giving off oxygen and leaving the chloride. 

Perchlorates , — These salts are also, without exception, soluble 
in water, the least soluble being the potassium salt; like the 
salts of the other oxy-acids of chlorine, they are completely 
decomposed by heat into oxygen and the chloride of the metal. 

lodates and Periodates , — Several series of both iodates and 
periodates are known, which have already been described 
(Vol. I., p. 370). 

Sulphides , — The compounds of the metals with sulphur cor- 
respond in general with the oxides, although there are cases in 
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which no sulphide is known corresponding to a particular oxide, 
and vice versa. The sulphides and hydrosulphides of the alkali 
metals and the hydrosulphides of metals of the alkaline earths 
are soluble in water; the solutions when allowed to remain in 
contact with free sulphur are converted into polysulphides, and 
are oxidised by the oxygen of the air to sulphites, thiosulphates, 
and sulphates. The remaining sulphides are almost all insoluble 
in water, some of them being dissolved by dilute acids with 
evolution of sulphuretted hydrogen, whilst others undergo no 
change under these conditions. The different solubilities of the 
sulphides in water and acids are utilised in the qualitative and 
quantitative separation of the metals. 

The sulphides of the more electro-negative metals dissolve in 
solutions of the alkaline sulphides, forming sulpho-salts, just as 
the corresponding oxides unite together to form oxy-salts. Thus 
potassium oxide combines with arsenic oxide to form potassium 
arsenate, and potassium sulphide combines with arsenic sulphide 
to form potassium thioarsenate : 

3H2O + As^O^ == 2K3ASO4 
3K2S AS2S3 = 2K3ASS4. 

Subjoined is a list of some of the analogous oxy-salts and 
sulpho-salts which have been prepared, in the formulae of which 
M represents an atom of a monad metal. 


Oxy-salts. 

Carbonates, MgCOg 
Pyrophosphates, M4P2O7 
Metarsenates, MAsOg, 
Orthoarsenates, M3ASO4 
Metastannates, MgSnOg 
Orthostannates, M4Sn04 


Sulpho-salts. 

Thiocarbonates, M2CS3 
Pyrothiophosphates, M2P2S7 
Metathioarsenates, MAsSa 
Orthothioarsenates, M3ASS4 
Metathiostannates, MgSnSg 
Orthothiostannates, M2SnS4. 


Similar salts are also known containing selenium and tellurium 
in place of sulphur. 

Sulphites . — Sulphurous acid, being a dibasic acid, forms two 
series of salts, viz., normal and acid sulphites, such as NagSOg 
and NallSOg. Those of the alkali metals are soluble in water, 
but the remainder are for the most part sparingly soluble or 
insoluble, although they dissolve in a solution of sulphurous 
acid. They are fairly stable in the dry state, but gradually 
oxidise in presence of moisture, forming sulphates. 

In addition to these, a series of sulphites known as the 
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metabisulphites or disulphites has been prepared, the constitution 
of which is probably represented by the general formula : 
M— SO2— 0— SO,— M. 

Sulphates . — With the exception of those of barium, strontium, 
and lead, which are almost insoluble in water, and those of 
calcium, silver, and mercury, which are sparingly soluble, all 
the sulphates dissolve readily; on evaporation, the solutions 
yield well-developed crystals, usually containing water of 
crystallisation. The metals of the alkalis form normal and acid 
sulphates, the metals of the alkaline earths and magnesium 
yield only normal sulphates, whilst many other metals form 
soluble normal salts, as well as more or less insoluble basic 
sulphates. Many sulphates possess the property of forming 
crystallisable double salts. This is especially the case with the 
sulphates of the isomorphous metals of the magnesium group, 
which yield compounds with the sulphates of the alkali metals 
having the general formula M“S04,M2S04,6H20, for instance, 
schonite, MgS04,K2S04, 611,0. 

Another important group of the double sulphates is that of the 
alumSf which have the general formula M“ ,(804)3, M‘2S04, 24 11,0; 
for example : 

Al2(S04)3,K2S04,24H20, Fe2(S04)3,(NH4),S04,2in20, 

0r2(S04)3,KoS04, 2411,0, Al2(S04)3,Na., 804,2411,0, 

Al2(S04)3,Ag,S04,21Ho0, In.{S04)3,(Nn4).S04,24H,0. 


Nitrides . — ^Many of the metals such as magnesium, calcium, 
vanadium, titanium, and lithium, unite with nitrogen when 
strongly heated in the gas, forming stable nitrides, but in other 
cases these compounds can be obtained only indirectly by the 
action of ammonia on the heated oxides or chlorides. They are 
usually dull brown or black powders, the composition of which 
has in many cases not been accurately determined, and a number 
of them are undoubtedly mixtures. 

The salts of azoimide (Vol. I., p. 521) form a special class 


.N 


of nitrides which contain the group .N<^ II ; these are all extremely 


explosive substances. ^ 

Nitrites . — These salts are for the most part soluble in water, 
and are decomposed when strongly heated into oxides of nitiogen 
and the oxide of the metal. Dilute mineral acids decompose 
nitrites, yielding nitric oxide. 
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Nitrates . — ^With the exception of one or two basic nitrates, 
such as that of bismuth, all the nitrates dissolve in water, and 
usually crystallise well. They melt at low temperatures, and on 
further heating those of the alkali and alkaline earth metals 
are converted, first into nitrites with evolution of oxygen, and 
then into oxides of nitrogen and the oxide of the metal; with 
the nitrates of the other metals the intermediate formation 
of nitrite is not usually observed, and in cases where the oxide 
is unstable at high temperatures the metal itself remains as the 
final product. Owing to the ease with which they lose oxygen, 
the nitrates are often used as oxidising agents. 

Phosphides . — Most of the metals combine with phosphorus to 
form phosphides. Some of these, for example, the phosphides 
of iron and zinc, are crystalline, but a large number have been 
obtained only as difficultly fusible masses, which have not as 
yet been closely examined, and are probably far from pure. 
Those of the alkali and alkaline earth metals arc decomposed 
by water with formation of hydrogen phosphides. 

Hypophosphites, Phosphites, Phosphates, Arsenites, and Arsen- 
ates . — For the relations between the different modifications of the 
corresponding acids, and the general properties of their salts, 
see Vol. I., pp. 651-674, 699-707. 

Carbide^.— Ulost of the metals combine with carbon when 
either they or the oxides are heated together with carbon to 
a very high temperature in an electric furnace. Those of the 
alkali and alkaline-earth metals are decomposed by water with 
formation of the hydroxide and evolution of acetylene, w^hilst 
that of aluminium yields methane in place of acetylene. Many 
of the other carbides crystallise well. The most important are 
those of iron; they are always present in commercial iron and 
exert an immense influence on its properties. 

Carbonates . — Most of the metals form salts with carbonic 
acid, the monovalent alkali metals yielding normal and acid 
salts of the general formulae MoCOg and MHCO 3 ; a few metals, 
such as aluminium, do not appear to form carbonates; others, 
such as magnesium, bismuth, and copper, yield basic carbonates. 

With the exception of the carbonates of the alkali metals 
and^of thallium, all the carbonates are insoluble in water, but 
n^any of them dissolve in water containing carbonic acid, 
]>robably owdng to the formation of an unstable acid carbonate. 
They are decomposed by heat with evolution of carbon dioxide 
and formation of the oxide of the metal, unless this is itself 
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decomposed at the temperature employed. The temperature 
at which the decomposition takes place varies considerably : 
thus, the carbonates of the alkali metals are only slightly 
decomposed at a bright red heat, whilst those of the alkaline 
earth metals are completely decomposed at this temperature, if 
the carbon dioxide is removed as it is formed; the other car- 
bonates decompose for the most part at a lower temperature. 

Borates and Silicates , — These salts have already been dis- 
cussed (Vol. I., pp. 736-738; 930-933.) 


CHEMICAL CHANGE AND THE LAW OF 
MASS ACTION. 

73 Reversible or Balanced Reactions , — The older chemists 
thought that substances combined with one another only when 
they possessed a common principle, and hence they gave the 
name of “ affinity ” (qffinis, related) to the particular property in 
virtue of which substances unite. It was afterwards seen that 
substances which have nothing in common nevertheless react 
with one another chemically, and this was ascribed to a mutual 
attraction between the particles of the substances (Newton). 
It was thought, moreover, that this attraction was elective in its 
character, so that when the particles of three substances were 
all brought together, those two would combine between which 
there was the strongest attraction, to the exclusion of the third. 
Thus, if a substance A, capable of uniting with C, were presented 
to a compound BC, made up of two substances united together, 
no change would occur if the attraction of C for B were stronger 
than that of C for A; whilst, if the opposite were the case, C 
would unite with A, and leave B in the free state. This view 
was supported e.specially by Geoffroy (1718) and Bergman 
(1775), who drew up tables of affinity or attraction, showing the 
order of strength of the affinities of the various bases, metals, 
etc., for the acids and other substances with which they were 
capable of combining. The true state of affairs was, however, 
first recognised by Berthollet, who demonstrated by a series of 
experiments that the course of a reaction does not depend solely 
on the affinities of the substances concerned, but also on the 
relative quantities of them which are present. Thus, according 
to the view held by Berthollet, it follows that “ in opposing the 
body A to the combination BC, the combination AC can never 
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take place; but that the body C will be divided between the 
bodies A and B proportionally to the affinity and the quantity 
of each.” ^ These views were afterwards developed by Berthollet 
in his celebrated Essai de Statiqm Chbnique, 

The further progress of investigation in this department of 
chemistry ^ has confirmed the opinions expressed by Berthollet. 
AVhen careful experiments are made it is frequently found that 
a reaction does not proceed until one or other of the substances 
concerned has entirely disappeared, but that a certain fraction 
of the original substances remains unaltered. In those cases 
where a complete reaction appears to occur, equilibrium is reached 
only when an exceedingly small proportion of the substances 
originally concerned is left unchanged. 

Thus, when calcium carbonate is heated in a closed vessel it 
evolves carbon dioxide until a certain pressure of this gas is 
reached, after which no further change in composition occurs 
until the conditions are in some way altered. If the tempera- 
ture is raised, more carbon dioxide is evolved, until another 
definite pressure, higher than the previous one, is attained, 
after which the system again undergoes no further change so 
long as the circumstances remain unaltered. It is, moreover, 
found that to every temperature there is a corresponding 
equilibrium pressure of carbon dioxide, which is perfectly definite 
and constant. The increase of the equilibrium pressure with 
rising temperature is shown by the following figures : ® 


Temperature. 

Pressure. 

547° . . 

27 mm. of mercury, 

610 . . 

... 46 „ „ 

740 . . 

... 255 

810 . . 

... 678 „ 

865 . . 

. . . 1333 ,, ,, 


If, on the other hand, the temperature is kept constant, but 
the pressure of the carbon dioxide is lowered by pumping out 
some of the gas, an additional quantity of the calcium carbonate 
decomposes until the original pressure is again attained. In 
order to decompose calcium carbonate completely by heat it is 

^ Researches into the Laws of Chemical Affinity, p. 6 (English translation, 
t<on(}on, 1804). 

* A fuUer account of this subject will be found in T^thar Meyer, Modern 
Theories of Chemistry ; Nemst, Theoretical Chemistry ; Ostwald, Allgemetne 
Cheftlie, vol. ii.; Mellor, Chemical Statics and Dynamics (Longmans, 1904); 
Jjcwis, A System of Physical Chemistry, 

* Le Chatclier, Comft, rend,, 1886, 102, 1243. 
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therefore necessary to keep the pressure of the carbon dioxide 
as low as possible. This is effected by heating the carbonate in 
a current of air freed from carbon dioxide, or, more usually, in 
the open air; in this latter case the pressure of carbon dioxide 
is negligibly small, and hence in the ordinary form of the experi- 
ment, e.g,, the “ burning ** of limestone, the decomposition 
is practically complete. The reactions on which Brin’s process 
for the manufacture of oxygen (Vol. I., p. 246) is based furnish 
another illustration of the extent to which the decomposition of 
a compound may be influenced by the pressure of one of the 
products of decomposition. 

Many reactions, then, are not complete, but proceed only 
until a certain definite state of equilibrium is set up. This 
state of equilibrium is quite analogous to what occurs in many 
physical phenomena. Thus, when water or any liquid evaporates 
in a confined space, the evaporation proceeds only until the vapour 
of the liquid exerts a certain definite pressure on the surface 
of the liquid; this equilibrium pressure is constant for any 
particular temperature, and increases rapidly as the temperature 
rises. When the condition of equilibrium has been attained, the 
relative amounts of vapour and liquid are unaltered so long as 
the other conditions remain the same. The maintenance of this 
state of equilibrium depends upon the fact that the evaporation 
of the liquid is proceeding at exactly the same rate as the con- 
densation of the vapour, so that the actual proportion of vapour 
to liquid remains the same. 

Precisely the same considerations hold with regard to chemical 
equilibrium. Thus, recurring to the example of calcium car- 
bonate, when equilibrium is set up at any particular temperature, 
the calcium carbonate is I eing decomposed into lime and carbon 
dioxide at exactly the same rate as these two compounds are 
combining to form calcium carbonate. 

All simple chemical equilibria may be similarly regarded as 
resolvable into two reactions proceeding in opposite senses and 
at equal rates, so that the actual proportions of the substances 
present undergo no change. Chemical changes of this kind, 
which can proc' ' * i^either sense according to the circumstances 
of the experirr ^ od which finally reach a definite position 
of equilibriur ^ ^*J^own as reversible or balanced reactionSy 
and are ofte.^ ^ iicated symbolically by a special sign placed 
between th^ two parts of the equation : 


CaCOa CaO + CO^ 
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As already suggested, it is probable that all cbemical changes 
really belong to the class of reversible reactions, although in a 
great many cases the position of equilibrium lies very much at 
one extreme, and the reversibility cannot be realised in practice. 

74 Velocity of Reaction , — ^We have conceived the equilibrium 
reached in a reversible reaction as a dynamic one, depending 
on the equal and opposite effects of two opposing reactions ; it 
is therefore of great importance to ascertain what conditions 
determine the velocity of a reaction. The attainment of 
equilibrium takes time, although in many cases the reaction 
proceeds so rapidly that this time cannot be measured; thus, 
when hydrochloric acid is added to caustic soda solution, when 
silver nitrate is added to solution of sodium chloride, and in 
many similar instances, the reaction appears to be complete as 
soon as the substances have been brought into contact, and no 
measurement of the rate of the reaction is possible. When, 
however, the reaction proceeds slowly, such measurements can 
be made, and it is thus possible to ascertain the influence of 
various factors on the velocity of the change. 

The most important result of the experiments which liave 
been made on this subject is the generalisation known as the 
law of mass action, which states that the velocity of any reaction 
is directly proportional to the com fntrat ions (or active masses) 
of the substances concerned. This )aw follows from the investi- 
gations of Wilhelmy (1850), Ilarcourt and Esson (1866), Guldberg 
and Waage (1867), van’t Iloff, and others.^ 

The law may be definitely formulated in the following way. 
Let us suppose that we are dealing nith the reversible reaction 
A B Zfl G D, and that the concentrations of the four 
substances involved are, at the monitnt, p, q, p\ and f respec- 
tively. If V is the velocity of the forward reaction, i,e,, the 
rate at which A and B unite to form G, and D, then, according 
to the law of mass action, v = k,pq, where k is the so-called 
velocity coefficient, and has a definite value for a given reaction 
at a constant temperature. Similarly, ii v' is the velocity of 
the back reaction, t.e., the rate at which C and Z) are uniting to 
form A and B, we have = k\p'q\ k! al eing a velocity 
coefficient. The velocity of the resultant re. m, which alone 
can be measured by experiment, will then be^ - = k,pq — - 

k\p'q\ If the reaction is one in which the position ^f equilibrium 

' For a fuller account of the Law of Mass Action, see T^ewii^,* A System of 
Physical Chemistry, 
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lies at the right hand extreme, if the change proceeds until 
either A oi B has practically disappeared, then the back reaction 
may be neglected, and the velocity of the reaction as a whole is 
given by the formula : v = k.jpq. 

The experiments of Harcourt and Esson ^ may be cited as an 
instance of the results obtained in studying the applicability of 
the law of mass action. They were carried out by allowing 
potassium permanganate to act on oxalic acid dissolved in 
water in presence of manganese sulphate, which is necessary to 
the reaction, and sulphuric acid. The amounts of the various 
substances present could all be varied, and the reaction was 
very thoroughly investigated. The amount of unaltered potass- 
ium permanganate present in the solution at any moment was 
determined by adding an excess of potassium iodide solution and 
estimating the iodine liberated. 

The simplest case of this reaction occurs .when the oxalic 
acid is in large excess, as in these circumstances the change 
of concentration of this substance may be neglected. It is then 
found tliat under these conditions the rate at which the potassium 
permanganate is disappearing at any moment is proportional 
to the amount still left unreduced. This may be expressed 
more simply by saying that the same fraction of the permanganate 
still present in the solution is reduced in each successive equal 
interval of time. In the following table the experimental figures 
obtained with a mixture of the molecular composition 2KMn04 + 
14MnS04-f IO8C2H2O4 are compared with those calculated on 
the assumption that the law of mass action holds for this particu- 
lar change ; as will be seen, Ihe agreement is excellent : 


Time. 

Amount of Permanganate left in the solution. 


Obser\ed. 

Calculated. 

2 

94-8 

94-8 

5 

87-9 

87-6 

11 

74-9 

74-7 

27 

49-3 

48-9 

35 . 

391 

39-6 

47 

28-3 

28-8 

68 

1 

17-0 

16-5 


In reactioEs in which the concentrations of two substances are 
1 Phil Trans., 1866, 166 , 193. 
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both altering at the same time, such as the saponification of 
ethyl acetate by caustic soda, 

CgHgOg-CgHs + NaOH = CaHg-OH + NaCgHaOg, 

the matter is more complicated, since the rate of the reaction 
at any moment is now proportional to the product of the active 
masses of the two substances at that moment. Here again, 
however, the observed numbers agree well with those obtained 
by calculation from the law of mass action. In many cases, 
especially when solutions of weak acids or bases are concerned, 
the active mass is not that of the total substance present, only 
that portion of the substance which is electrolytically dissociated 
taking an active part in the change. Thus, when an equi- 
valent amount of ammonia, which is dissociated to a much 
smaller extent than caustic soda, is substituted for the latter in 
the above reaction, the rate of saponification becomes much 
slower, and is still further diminished by the addition of any 
substance, such as an ammonium salt, which lessens the dis- 
sociation of the ammonia. 

Rise of temperature has a very marked effect on the rate of 
chemical change, and, on the average, the velocity of reaction is 
trebled for a rise of 10°. The very high value of the tem- 
perature coeflScient of reaction velocity makes it intelligible that 
substances which, at certain temperatures, react rapidly and 
reach a position of equilibrium, have yet no apparent action on 
each other at much lower temperatures. Thus, a mixture of 
hydrogen and oxgyen, which cannot be in true equilibrium, can 
be kept for any length of time at the ordinary temperature 
without an appreciable quantity of water being produced. 

The accurate investigation of reaction velocities has been 
of great service in the study of catalytic action. The value of 
the velocity coefficient obtained for a catalytically accelerated 
reaction is a measure of the efficiency of the catalytic agent. 
Thus, by comparing the values obtained for the velocity coefficient 
in different experiments, one can ascertain how the efficiency of 
a catalytic agent is affected by the conditions under which it 
works, and how the efficiency of one catalytic agent compares with 
that of another under the same conditions.^ 

75 Chemical Equilibrium ,^ — The velocity 'with which a revers- 

^ lor a short account of the study of catalysis on these luics, see the article 
on “Chemical Affinity,'* in Thorpe’s Dictionary of Applied Chemistry \ also 
Rideal, Catalysis in Theory and Practice, 

> For a more detailed account, see liOwis, loc, cit. 
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ible reaction approaches its point of equilibrium is, as already 
shown (p. 140), given by the formula : — 

V — = hpq — 


When equilibrium is reached, v — v' = 0, and therefore, 
Jc 7)^0^ 

Lpq = k\p'q\ or t,=^- , where jt), gr, p'y q\ are now the concen- 
^ P9 

tions of A, B, C, and D respectively at the point of equilibrium. 

k 

The ratio = K is known as the equilibrium constant, and can 

be determined experimentally by ascertaining the amounts of 
the various substances which are actually present when equili- 
brium is established. 


Thus, when alcohol is mixed with acetid acid, the following 


reaction occurs : 


C2H5.OH+C2H4O2 ^ 


C2H5O.C2H3O + H^O. 


If known quantities of acid and alcohol are taken, the amount 
of change which has occurred during any period can readily be 
measured by titrating the acid still present, and subtracting 
the amount thus found from that originally taken. The 
quantities of alcohol, ethyl acetate, and water present can then 
all be calculated from this number by means of the equation 
representing the reaction. If equivalent amounts of acid and 
alcohol arc taken, it is found when equilibrium is established, a 
process which requires several days at the ordinary temperature, 
that I of the alcohol and acetic acid have undergone the reaction, 
whilst J of each is left unaltered. Exactly the same state of 
equilibrium is reached if equivalent amounts of ethyl acetate 
and water are allowed to react. In this condition, therefore, 
pq \ X \ ~ I, whilst = I X § = J, so that 



When the value of the equilibrium constant has once been 
determined, it is possible to calculate the composition of the 
equilibrium mixture when the reacting substances are taken in 
other than equivalent proportions. Thus, if a molecules ^pf 
alcohol and h molecules of acetic acid are taken in the abov'' 
instance, and if x is the number of molecules of ester present in 
the equilibrium mixture, then 

p z=:^ a — Xy q == b — X, p' = q' X. 
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By substituting these values in the equation given above, the 
value of aJ can be obtained. The numbers calculated in this 
way agree well with those obtained by experiment. 

It is found experimentally, in harmony with the formula for 
the equilibrium constant, that if a large excess of alcohol is 
taken, practically the whole of the acetic acid is converted 
into ethyl acetate, whilst if a large excess of acid is taken almost 
the whole of the alcohol undergoes the reaction. These facts 
have an important bearing upon the reactions used in analytical 
processes. In these cases it is essential that equilibrium be not 
established until practically the whole of the substance which is 
being estimated has undergone the particular reaction. In the 
processes of gravimetric analysis the substance which is being 
analysed, or some one of its elements, is converted into a sparingly 
soluble compound. In this way the product which is precipitated 
is continually withdrawn from the solution, the equilibrium is 
thereby disturbed, and fresh quantities of the substance are 
formed and precipitated, the reaction thus proceeding until it is 
practically complete. This effect is further aided in most cases 
by the use of an excess of the reagent, which, as we have just seen, 
tends to increase the extent to which the other substance under- 
goes the reaction. In the processes of volumetric analysis it is 
also necessary to choose reactions for which the equilibrium 
constant is very high, and which, moreover, proceed rapidly. 
Thus, the reaction between equivalent quantities of caustic 
soda and hydrochloric acid can be utilised for estimating the 
amount of the former present, because the reaction proceeds 
rapidly, and equilibrium is established only when practically 
the whole of the acid and alkali present have reacted. The 
completion of the reaction is therefore indicated by the fact 
that the solution becomes neutral. On the other hand, it is 
impossible to estimate alcohol by titration with hydrochloric 
acid, because the constant of equilibrium for this reaction is 
low (8*44 at 99° ^), and equilibrium is attained long before the 
whole of the alcohol has been converted into ethyl chloride, and 
therefore before the solution has become neutral, so that it is 
impossible to ascertain by the aid of an indicator when an 
equivalent of the acid has been added. 

Many cases of chemical equilibrium have been experimentally 
studied on the lines indicated above. Special mention may be 
made of the investigation of the following reactions, some of 
^ Cain, ZuL physikaL Chem,, 1893, 12, 761. 
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which are of technical importance : — COg + H2 ^ CO + 
2SO2+ 02^2803(2); 4HCl+02^2Cl2 + 2H20e); 3 Fe + 
4H20^Fe304+4H2n. 

The study of gaseous dissociations from the point of view 
of the law of mass action presents many interesting features. 
When a gas is decomposed by heat into several new mole- 
cules, which may either be all of the same kind, as in the case 
of nitrogen peroxide, N2O4, or of different kinds, as in the case 
of phosphorus pentachloride, and these reunite to form the 
original gas when the whole is allowed to cool, the gas is said to 
dissociate when heated. In the case of such a partly dissociated 
vapour the quantities of the several gases present are propor- 
tional to their partial pressures in the mixture. Thus, if p be 
the pressure due to the undissociated molecules, and Pi that of 
each of the two new gases formed, the equation of equilibrium 
becomes 



P 


If now the pressure of one of the products of dissociation is 
increased by adding some of it to the mixture without altering 
the volume, it follows that the numerator of this fraction must 
increase, and that therefore, since K must remain constant, p 
must also increase. In other words, the dissociation of the gas 
must be diminished. This result has been experimentally 
verified in many cases. Thus when phosphorus pentachloride 
is vaporised, it dissociates partially into phosphorus trichloride 
and chlorine : 

rci5^pci3+ci2. 

When, however, the pressure of either the phosphorus tri- 
chloride vapour or the chlorine is increased, the dissociation of 
the gas is diminished, and the vapour density is increased. The 
same is true for ammonium chloride ; dissociation is diminished 
in presence of ammonia or hydrogen chloride. 

A similar phenomenon occurs in solutions of electrolytes; 
when two substances having a common ion are present in a 
solution, neither is electrolytically dissociated to as great an 
extent as it would be were the other substance absent. 

^ Hahn, ZeiL physikaL Chem., 1903, 44, 513. 

2 Bodenstem and Pohl, Zeit, Elektrochem,, 1905, 11, 373. 

^ von Falckenslein, Zeit, physikaL Chem., 1907, 49, 313; 1900, 65, 371. 

^ Devillo, Compt. reiid., 1870, 70, 1105, 1201; 71, 30; Preunor, Zeit, 
phtjsikfd. Chem., 1904, 47, 385. 

VOL. II. (1.) 
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The effect of temperature and pressure on chemical equili- 
brium has also been carefully studied for many partially dis- 
sociated gases. The particular state of equilibrium attained by 
system of reacting substances depends on the physical 
conditions to which the system is subjected, but the extent by 
which the state of equilibrium is altered by change of temperature 
and pressure varies very largely according to the nature of the 
special reaction concerned. It may be taken as a general law 
that rise of temperature tends to produce such a change in the 
equilibrium of the system as is attended by an absorption of heat, 
whilst a lowering of the temperature has an effect in the opposite 
direction. Thus, when a gas such as nitrogen peroxide, N 2 O 4 , 
is heated to a definite temperature it decomposes to a perfectly 
definite extent into molecules of the simpler gas, NOg, a change 
which is accompanied by absorption of heat. If now the tempera- 
ture is raised, the effect is to increase the dissociation of the gas 
in harmony with the general law just enunciated. If a reaction 
proceeds without much evolution or absorption of heat, the effect 
of change of temperature on the position of equilibrium is corre- 
spondingly small : an instance of this is furnished by the reaction 
between ethyl alcohol and acetic acid. 

The effect of a rise of temperature on a chemical reaction is 
therefore of two kinds. In the first place, it increases the 
velocity of the reaction, and, in the second place, it alters the 
final state of equilibrium which is attained. This is well illus- 
trated in the case of hydrogen and iodine, which has been very 
thoroughly investigated by Lemoine ^ and Bodenstein.^ When 
these two elements are heated together at 290^^, several weeks 
are required for the establishmelit of equilibrium, in which 
condition 16*37 per cent, of the total hydrogen is present in 
the free state ; at 448^, on the other hand, the state of equilibrium 
is reached in a few hours, 23*63 per cent, of the total hydrogen 
being free. 


The exact extent to which the position of equilibrium is 
shifted by altering the temperature is given by the formula ; — 


d(!og^^) 
' dT 


— where K is the equilibrium constant of the 


reaction at the absolute temperature T, R is the gas constant, 
and q is the heat evolved when the reaction goes completely 
from left to right. The applicability of this formula has been 


1 Ann. Chim. Phya., 1877, [6], 12 , 145. 
* Zcit. fhyaikaL Chem., 1896, 13 , 66. 
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tested, for instance, in connection with the equiUbrium between 
sulphur trioxide, sulphur dioxide, and oxygen.^ 

Increase of pressure produces such a change in the position 
of equilibrium as is attended by a diminution of volume. Thus, 
when the external pressure on such a gas as nitrogen peroxide 
is increased, whilst the temperature is maintained constant, 
the dissociation of the gas is diminished, the combination of the 
NOg molecules being accompanied by a diminution of volume : 

2N02==N204. 

This is shown by the following numbers obtained by E. and 
L. Natanson ^ at a temperature of 49*7° ; — 


Pressure. 

Vapour density. 

26’80 mm. 

1-663 

93-75 

1-788 

182-69 

1-894 

261-37 

1-993 

497-75 

2-144 


On the other hand, increase of pressure produces no change 
in the dissociation equilibrium of hydrogen iodide, the decom- 
position of this substance being unattended by any change in 
the number of molecules : 

2}n^H2 + i2. 

* Bodenstcin and Pohl, Ztit. Eleitrochem , 1905, 11, 373. 

* Ann. Phys. Clem., 1885, 24, 454; 1886, 27, 056. 
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76 The following pages contain a short statement of the 
principles of spectrum analysis, and of the application of these 
principles to the detection of certain elementary and compound 
bodies. A complete treatise on spectrum analysis would be 
out of place; for the subject has not only outgrown the space 
which can be assigned to it in a work like the present, but much 
diversity of opinion is still expressed on various important 
points, and a discussion of these views cannot be attempted 
here.^ 

Although the spectroscope has been employed for chemical 
investigations only since the year 1860 , it has been the means of 
effecting some of the most striking discoveries of modern 
times. By its help the' chemist is able to investigate the com- 
position of terrestrial matter with a degree of exactitude 
previously undreamt of, and the discovery of the following new 
elementary bodies, as well as of many members of the group 
of rare earths, indicates the importance of the spectroscope 
in chemical analysis : 

Caesium and Kubidium, by Kirchhoff and Bunsen. 

Thallium, by Crookes, 

Indium, by Eeich and Richter. 

Gallium, by Lecoq de Boisbaudran. 

Helium, by Ramsay, 

In addition to this, the application of the methods of spec- 
trum analysis to the investigation of the nature of the light 
emitted by the heavenly bodies has opened out a completely 
new field of research, and has laid the foundations of a new 
science, that of Celestial Chemistry. Such has been the progress 
made in this direction that not only are we now assured of the 
existence of many of our well-known terrestrial metals in the 

^ See Kayser, Handhuch der Spectroscopie (Hirzel, Leipzig, 1900-1912); 
Baly, Spectroscopy (Longmans) ; Watts, Introduction to the Study of Spectrum 
Analysis (Longmans), 


148 



SPECTRUM ANALYSIS. 


149 


atmospheres of the sun and the fixed stars, but we have gained a 
knowledge of the physical condition of our luminary such as we 
formerly could not have thought possible, and have even been 
able to form a definite opinion concerning the physical and 
chemical constitution of the nebulae and stars. 

Moreover, it appears that the study of the spectrum is capable 
of leading to most interesting and important conclusions respect- 
ing the structure of the molecule, both at ordinary temperatures 
and at the highest of which we have any knowledge. It seems 
probable also that spectrum observations will prove of great 
assistance in our endeavours to ascertain the structure of the 
atom and to trace the changes involved in its disintegration.^ 

77 The principles upon which spectrum analysis is founded 
are simple enough. When any solid or liquid bodies are gradually 
heated they will all be seen to become luminous at some tempera- 
ture. If the light which these bodies emit, when they begin to 
glow or become luminous, is examined by means of a prism and 
suitable optical arrangements, the rays of least refrangibility, 
viz., the red rays, are seen first, and, as the temperature rises, 
light of greater refrangibility is gradually emitted, until at last 
the body gives off blue or violet rays. When this point is reached 
the substance appears to the naked eye to be white-hot, as all 
the differently coloured rays, when brought together on the retina, 
produce the effect which we term white light. It is thus clear 
tliat the spectrum of every incandescent solid or liquid is the same, 
a briglit continuous coloured band, the rays of which extend 
without a break through all the colours of the rainbow from red 
to violet. 

With gases glowing at a high temperature, however, the case 
is quite different. The light which these bodies emit does not 
consist of light of all degrees of refrangibility. The spectrum 
of a glowing gas, instead of being continuous, is more or less 
broken up. Incandescent gases emit only rays of definite degrees 
of refrangibility, and their spectra consist, therefore, of bright 
lines, the position of which undergoes no change when the tem- 
perature is raised . Thus the vapour of sodium when incandescent 
emits a yellow light, and its spectrum consists of a double yellow 
line having wave-lengths of 5896 and 5890 ten-millionths of a 
millimetre, and being coincident with the dark lines in the sola/ 
spectrum t(irmed by Fraunhofer the D lines. These two bright 
sodium lines do not alter their position when the temperature 
^ See Sommerfeld, Atombau %nd SpcktralUmen, 2nd edition, 1921. 
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of the vapour is raised ; sodium vapour, as soon as it becomes 
luminous, glows with a yellow light, and by no rise of tempera- 
ture can it be made white-hot. The peculiar colour of incan- 
descent sodium vapour is best seen by fusing a small bead of 
sodium chloride on to the end of a fine platinum wire, and placing 
it in the non-luminous gas-flame. The salt volatilises, and the 
flame is coloured intensely yellow (Fig. 11). 

78 Melville, in 1752, was the first to notice this yellow sodium 
flame, but he was iinacquainted with its cause. In the year 
1822, Brewster introduced his monochromatic lamp, the first 
idea being, however, due to Melville. In tlii^ same year John 



Fio. 11. 

Herschel investigated the spectra of many coloured flames, 
especially those obtained from the chlorides of copper and 
strontium, as well as from boracic acid, and in 1827 he writes 
concerning these observations the colour thus contributed 
by different objects to flame affords in many cases a ready and 
neat way of detecting extremely minute* ejuantitics of them.’' 
Again, Fox Talbot writes as follows in 1820 : The red fire of 

the theatres gave a most beautiful sj)(*etnim, with many lines 
or maxima of light. In the red these 1 uh‘s w(‘re rnore^ numerous 
rnd crowded, with dark spaces between them, besides an exterior 
ray greatly separated from the rest, and probably due to the nitre 
in the composition. In the orange was one bright line, one in 
the yellow, three in the green, and several that were fainter.” 
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The extreme delicacy of the sodium reaction, and the universal 
distribution of this element, were facts unknown to Talbot, and 
he consequently attributes the yellow line first to sulphur, and 
afterwards to the presence of water. He adds, if this opinion ’’ 
— as to the cause of the production of the lines — “ should prove 
correct, and applicable to the other definite rays, a glance at the 
prismatic spectrum of a flame might show it to contain sub- 
stances which it would otherwise require a laborious chemical 
analysis to detect.” In 1834 Talbot again writes : — “ Lithia 
and strontia are two bodies characterised by the fine red tint 
which they communicate to the flame. Now it is very difficult 
to distinguish the lithia-rcd from the strontia-red by the naked 
eye, but the prism betrays between them the most marked 
distinction which can be imagined. The strontia flame exhibits 
a great number of red rays well separated from each other by 
dark intervals, not to mention an orange and a very definite 
bright blue ray. The lithia exhibits one single red ray. Hence 
I hesitate not to say that optical analysis can distinguish the 
portions of these two substances from each other with as much 
certainty as, if not more than, any known method.” 

In the year 1845 Wm. Allen Miller published the results of 
experiments on the spectra of coloured flames, together with 
drawings, but owing to the fact that in these researches a luminous 
flame was made use of, the representations of the several spectra 
are wanting in clearness and individuality. Sw^an was the first 
to point out that the bright yellow line coincident with Fraun- 
hofer’s D, which was seen in every flame, is caused by the presence 
of sodium salts, and it is to him that we are indebted for the 
discovery of the extreme delicacy of the sodium reaction, and for 
the proof of the universal distribution of this element. 

The earliest observations of the spectra of the metals which 
cannot be volatilised at the temperature of the non-luminous 
gas-flame were made in 1835 by Wheatstone. He allowed 
electric sparks to pass between poles of different metals, and 
found that the spectra of the sparks thus obtained were dis- 
similar. From this he concluded tliat the electric spark resulted 
from the volatilisation of the metal of the poles. “ These differ- 
ences,” he says, ‘‘ are so obvious that one metal may easily 
be distinguished from another by the appearance of its spark; 
and we here have a mode of discriminating metallic bodies 
more readily than that of chemical examination, and which may 
hereafter be employed for useful purposes.” 
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In 1855 Angstrom thoroughly investigated the nature of the 
electric spark, proving the important fact that the spark yields 
two superimposed spectra; one derived from the metal of the 
pole, and the other from the gas or air through which the spark 
passes. 

The results obtained by the above-mentioned observers were, 
however, but little known, and the method was never applied to 
the solutions of problems in analytical chemistry, until the year 
1860, when Bunsen and Kirchhoff began their classical 
researches. It is to these two philosophers that we must 
in truth ascribe the discovery of the spectroscopic method, for 
they were the first to bring to bear upon this subject the sound 
principles of modern research, and to establish it upon the firm 



Fig. 12. 


foundation of exact experiment.^ Their labours soon met with 
reward. A new alkali metal (caesium) was discovered almost 
immediately ,2 and the presence of various well-known metals in 
the solar atmosphere was at the same time ascertained beyond 
doubt.^ 

79 Constructim and Use of the Spectroscope , — The construction 
and arrangement of the spectroscope best suited to ordinary 
chemical purposes is shown in Fig. 12. This instrument consists 
of a prism {a) fixed upon a firm iron stand, and a tube {h) called 
a collimator, carrying the slit (d), seen on an enlarged scale 
in Fig. 14. Through this slit the rays from the coloured flame 
which is being examined (e) fall upon the prism, being rendered 

* Kirchhoff and Bunsen, “Chemical Analysis by Spectrum Observations,” 
I‘hd. Mag, [4], 1860, 20, 89; 1801, 22, 329, 498. 

« lierlin Akad. Her., May 10, 1800; Chum. News, 1801, 3, 132. 

» Berlin Akad. Ber., Oct. 27, 1859; Phil. Mag., 1860, [4], 19, 193. 
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parallel by passing through a lens placed at the other end of 
the tube. The light, having been refracted by the prism (a), 
is received by the telescope (/), and the image is magnified 
before reaching the eye. The small luminous gas-flame (h, 



Fig. 13. 



Fig. 14. 


Fig. 12) is placed so as to illuminate a fixed scale contained inside 
the tube {g ) ; this is reflected from the surface of the prism (a) 
into the telescope, and serves as a means of determining the 
position of the lines. 

If, as is often the case, it is desired to observe two spectra 



Fig. 15. 


simultaneously, so as to compare the position of the lines, this 
is effected by placing a small prism (c, Figs. 13 and 14) over 
one half of the slit. The rays from a second source of light 
(e , Fig. 12) may thus be brought into the collimator by internal 
reflection, so that of the two spectra produced, one occupies 
the upper half, and the other the lower half of the field of view. 

In spectroscopes adapted for more accurate measurements, the 
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illuminated scale is discarded^ and the telescope is made to move 
along a divided circle, by means of which the angular dispersion 
of the various lines may be measured. 

Greater dispersion and separation of the lines is attained by 
the use of a series of prisms instead of a single prism (Fig. 16), 
which is a representation of the form of instrument used by 
Kirchhoff in his classical researches on the chemical composition 
of the solar atmosphere. In such instruments the intensity of 
the light is much weakened, and they can therefore be used 
with advantage only when the source of light is of considerable 
intensity. 

Greater accuracy in definition and wider dispersion are attained 
by the substitution of a diffraction grating, either plane or 
concave, for the prism, and such gratings, which usually contain 
from 5,000 to 20,000 lines per inch, are always employed for 
the most accurate work, when the source of light is of sufficient 
intensity. 


METHODS OF PRODUCING EMISSION 
SPECTRA. 

8o In order to obtain the peculiar spectrum of a chemical 
substance it is necessary to examine the light which the substance 
emits in a state of glowing gas. The method employed for this 
purpose differs according as the substance is solid, liquid, or 
gaseous. 

Flame-spectra , — Slightly volatile substances, such as the salts 
of the metals of the alkalis and alkaline earths, may be placed 
upon a fine platinum wire, and this is then brought into the 
non-luminous Bunsen flame. The salts there volatilise, the 
flame assumes a characteristic colour, and this coloured flame 
when examined by the spectroscope, exhibits the peculiar spectrum 
of the given substance. Apparatus specially adapted for the 
continuous introduction of salts into the Bunsen flame has been 
described by Beckmann.^ 

Many substances which yield no bright line spectra in the 
Bunsen flame do so in the oxy-hydrogen flame. 

Arc- and Spark-spectra , — ^When the substance is non-volatile 
at tjie temperature of the non-luminous flame, as is the case with 
most metals, and requires a much higher temperature to convert 

* Zcit, phyaikal, Chem,, 1907, 57, 641, 



METHODS OF PRODUCING EMISSION SPECTRA. 155 


it into gas, either a powerful electric spark or the electric arc 
must be employed. The arrangement used for obtaining the 
spectra of metals by means of the electric spark is seen in Fig. 
16 . It is only necessary to allow a powerful and bright spark to 
pass between poles made of the metal in question to obtain the 
characteristic bright-line spectrum of the metal, although it 
is to be remembered that the bright lines of the gases through 
which the spark passes (the air lines) will likewise be observed. 

Another method of examining spark-spectra with especial 
regard to the easy chemical detection of the difficultly volatile 
metals was proposed by Bunsen.^ The spark passes between 



Via, 16. 


two small cones of pure porous carbon, these having been im- 
pregnated with a solution of a pure compound of the metal 
under examination. The advantage of this spark-spectrum 
method is well shown in the case of the detection of the allied 
rare metals cerium, lanthanum, praseodymium, and neodymium; 
yttrium and erbium. The chlorides of these metals do not 
volatilise at the temperature of the non-luminous flame, but 
yield well-defined and characteristic spark-spectra by which they 
can be recognised without difficulty. 

Another method which is of special value in observing the 
spectra given by the soluble salts of tlie metals lias been per- 
fected by Lecoq de Boisbaudran. It consists in connecting 
the solution of the salt with the negative wire from the induction 
coil, and then passing the spark from a positive pole of platinum 
placed just above the surface of the liquid. This method has 
1 Phil. Mag., 1875, [4], 60, 418, 527. 
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proved of great value in the examination of the compounds of 
rare earths. 

For arc-spectra the ordinary arc between carbon points is 
used, the substance to be examined being placed on the positive 
pole, or packed in a hole bored along the axis of the carbons. 
In the case of metals, the poles may be made of the metal itself. 

If the substance is a gas at the ordinary temperature the 
gaseous particles can be made to glow, and then to emit the 
rays which are peculiar to them, by passing an electric discharge 
through the gas. The colour of the electric spark or discharge 
will then be found to vary according to the nature of the gas, 
and a spectroscopic examination of the light then emitted reveals 
the characteristic spectrum of the gas. The examination of the 
spectra of gases at low pressures is effected by means of Geissler's 
Tubes (Fig. 17). These contain the gases in a highly rarefied 
condition, and are furnished with platinum or aluminium wires 



Fig. 17. 


fused into the glass. As the rarefied gases offer little resistance 
to the passage of the electricity, the discharge passes readily 
through a long narrow tube, producing a brightly luminous 
column. The vapours of liquids which are easily volatilised can 
also be examined in this way. 

The effect appears to be electrical rather than thermal. 
Michelson,^ from a study of the effect of temperature on the 
breadth of spectral lines, found that the temperature of ordinary 
discharge through hydrogen in a vacuum tube was probably 
about 50^. In all cases of arc or spark’ spectra electrical 
stresses play an important part and the effects observed cannot 
be attributed to thermal influence alone.^ 

The spectra of gases at the ordinary pressure, or under in- 
creased pressure, can be observed by passing a spark (as described 
above) between metal poles in an atmosphere of the gas at the 
required pressure. It must be remembered that in such experi- 
ments the lines due to the metallic poles are also seen. 

^ Aslrophya. Journ., 3> 251 (1890). 

2 Lockyer, Proc. Roy Soc , 76, 145 (1905). 
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Phosphorescence spectra are shown by many substances 
when they are exposed to the cathode discharge in a highly 
exhausted glass bulb (Crookes). This method has been much 
used for the examination and characterisation of the rare earths. 

When the invisible portions of the spectrum are to be examined 
it must be remembered that glass is much less transparent to the 
infra-red rays than to ordinary light, and is almost opaque to 
the ultra-violet rays. These last are, however, transmitted by 
quartz prisms and lenses, and then can be photographed, or 
rendered visible by means of a screen coated with some phos- 
phorescent substance such as platinocyanide of barium or potass- 
ium. The infra-red spectrum is best obtained by means of a 
metallic diffraction grating. 

8 1 X-Eay Speclra , — Another type of spectra, not usually in- 
cluded under the head of spectroscopy, is produced when sub- 
stances are exposed to the bombardment of a stream of cathode 
rays. In these circumstances electro-magnetic disturbances 
are set up essentially similar to those of light, except that the 
wave-length is very much less and that only one pulse is sent out 
by the stoppage of each electron. Whilst there is always a certain 
amount of general radiation of continuously varied wave-length, 
yet, under certain conditions, rays of definite wave-length, termed 
characteristic radiation^ are given off with much greater intensity. 
These correspond in all respects to the “ lines ’’ of definite wave- 
length produced in the ordinary spectra of glowing gases. Owing, 
however, to the much shorter wave-length, ordinary prisms and 
gratings are quite unable to resolve the X radiation. This 
difficulty was surmounted by Laue in 1912 by using a crystal as 
a natural diffraction grating and a modification of this method 
introduced by W. L. Bragg made it possible to measure the wave- 
length of X-rays almost as easily as with ordinary light (p. 218). 


MAPPING AND MEASURING SPECTRA. 

82 The following method of mapping spectra as observed 
with a spectroscope provided with an illuminated scale, was 
proposed by Bunsen as a convenient mode of recording the 
position, breadth, and intensity of the lines constituting the 
various spectra. ‘‘ For the purpose of facilitating the numeri- 
cal comparison of the data of various spectrum observations, 
we give in Fig. 18 graphical representations of the observaiiions 
which are taken from the guiding lines given in the chromo- 
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lithograph drawings of the spectra published in our former 
memoirs, and in which the prism was placed at the angle of 
minimum deviation. The ordinate edges of the small blackened 
surfaces, referred to the divisions of the scale as abscissae, repre- 
sent the intensity of the several lines, with their characteristic 
gradations of shade. These drawings were made when the slit 
was so broad, and the flame of such a temperature, that the 
fine bright line upon the broad Ca a band began to be distinctly 
visible. 

“ This breadth of the slit was equal to the fortieth part of 
the distance between the sodium line and the lithium line a. 
For the sake of perspicuity, the continuous spectra which 
some bodies exhibit are specially represented on the upper 
edge of the scale, to the divisions of which they are referred as 
abscisssB.” 

The positions of the lines in a spectrum are now generally 
recorded in terms of their wave-lengths^ which are usually 
expressed in ten-millionths of a millimetre (1 X 10~'^ millimetre), 
a unit of measurement which is known as Angstrom’s unit (A.U.), 
or as a “ tenth metre,” since it equals 1 X 10”^® metre. Wave- 
lengths are, however, sometimes expressed in terms of jx = 0*001 
millimetre, or of = 0*000001 millimetre. For many purposes 
it is more convenient to deal with the oscillation frequency of 
the ray, t.e., the number of waves in a given unit of length, the 
centimetre being usually chosen. Thus, the less refrangible 
yellow sodium line has the wave-length 5896*2 A.U. (589*62 (Xfx; 
0*58962 fx), and the oscillation frequency 16960*1. 

In order to ascertain the wave-lengths of the various lines 
observed, it is necessary to draw a curve which represents the 
dispersion of the particular instrument which is being employed. 
This is done by selecting a number of lines as standard lines, and 
plotting the wave-lengths of these as ordinates, and their positions 
on the scale of the instrument as abscissae. The curve joining 
the points thus obtained can then be used for determining the 
wave-length of a line observed at any position on the scale. 
Precisely the same process may be carried out with the oscillation 
frequencies. 

Some instruments are provided with illumination scales, 
divided and numbered so as to permit of the direct determin- 
ation of the wave-length for any region of the visible spectrum. 
Such scales are similar to that shown in Fig. 19, and give wave- 
lengths in (x(x, in accordance with the determinations of Angstrom. 
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The divisions of the scale enable the observer to read directly 
to the second significant figure, and to estimate the third. Such 
scales are sufficiently accurate for ordinary qualitative work, but 
can be employed only with a prism of the same dispersive power 
as that for which they have been constructed. 

The most accurate method of recording the spectrum given 
by any substance is to allow the image of the spectrum to fall 
upon a photographic plate, contained in a holder fitting into a 
camera which replaces the eye-piece of the telescope. The 
great advantage of the photographic method is that it is thus 
possible to determine with great accuracy the positions of a 
much larger number of lines than can be done by mere observa- 
tions with the eye, very faint lines being recorded when the time 
of exposure is increased. This is shown by the fact that in the 
portion of the spectrum between wave-lengths 3900 and 4100 the 



number of lines of twelve metals noted by Lockyer is 41G, as 
against 39 lines observed by Thalen. The photographic method 
can, moreover, be extended to those portions of the spectrum 
which are invisible to the eye. 

If the spectrum of some standard substance is photographed 
on the same plate as the spectrum to be examined, the unknown 
wave-lengths of the new lines can readily be determined by 
interpolation from the known wave-lengths of the lines of the 
standard substance. 

It has been found possible to photograph the spectrum between 
wave-lengths 20000 l.U, in the infra-red and 1000 A.U. in the 
ultra-violet, but very special methods are required to obtain 
records beyond the interval 9000-2100. In the infra-red, 
measurements may be made also by means of the bolometer, 
an instrument devised by Langley, which detects the heating 
effect of the rays by the change of resistance produced in a thin 
metallic wire. By the use of this instrument radiations of wave- 
length 1,000,000 A.U. (0*1 mm.) have been detected. 
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83 Variations observed in Spectra . — The nature of the spectrum 
emitted by a gas depends upon the temperature and pressure to 
which the gas is subjected. When an electric discharge of low 
intensity is passed through a highly rarefied gas, in a Geissler 
tube, the spectrum usually consists of a series of broad bright 
bands, which are made up of a great number of very fine lines 
crowded closely together; this is termed a channelled ” 
spectrum (Pliicker). The band spectrum of the discharge in 
the neighbourhood of the positive pole is, moreover, often different 
from that near the negative pole. At a higher temperature, 
produced by a discharge of greater intensity, the spectrum con- 
sists of bright lines. Finally, when the pressure is increased, 
under certain conditions, many gases are found to give continuous 
spectra. 

These variations are well exemplified by the cases of oxygen 
and nitrogen, the former of which gives no fewer than seven 
different spectra, among which are included the absorption 
spectra of both oxygen and ozone. 

Argon, krypton, and xenon behave in a somewhat different 
manner from the foregoing gases, yielding two distinct bright 
line spectra according as the ordinary discharge or the jar 
discharge is employed. 

Further, it is often found that variation in the pressure of the 
gas, or the intensity of the discharge produces a variation in the 
relative intensity of the lines of the spectrum. Thus, in helium 
at a pressure of 7 — 8 mm., the yellow lines are the most con- 
s])icuous, and the gas glows with a yellow light ; whilst at a lower 
pressure, the most conspicuous line is in the green, and the gas 
glows with a greenish coloured light. 

The cause of these variations is at present unknown. It 
appears probable, however, that the characteristic spectrum of 
each element is due to the vibrations of the corpuscles which 
are present in its atoms (p. 40), rather than to the vibrations of 
the atom as a whole, so that a change in the spectrum corre- 
sponds to some alteration in the mode of vibration of some or 
all of the corpuscles making up the atoni.^ 

^ See J. J. Thomson, “ Some applications of the theory of electric discharge 
through gases to Spectroscopy,” Nature, 1906, 73, 496; compare Stark, 
Physjkal. ZeiL, 1908, 9 , 86. 
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THE SPECTRA OF THE ELEMENTS. 

84 If we compare the spectra of the various elements, obtained 
according to one or other of the above methods, we find that each 
element yields a characteristic spectrum, consisting of a larger 
or smaller number of bright lines, and that no two elements have 
even a single line in common. 

These lines do not undergo any alteration in relative position, 
or in degree of refrangibility, when the temperature is raised. 
The double sodium line D is always seen at the same position 
of the spectrum, viz., wave-lengths 5896 and 5890, to whatever 
temperature the vapour may be raised. The number of lines 
visible in any given spectrum, as well as their relative intensities. 



Fig. 20. 

may, on the contrary, undergo considerable changes dependent 
upon the temperature of the glowing gas, the pressure to which 
it is subjected, and the thickness of the incandescent layer. 
Thus, for example, the spectrum of lithium, as obtained by placing 
some salt of the metal in a non-luminous gas-flame, consists of 
one very bright red line, a, wave-length 6708, and a very faint 
orange line, /9, wave-length 6104 (Fig. 20). If, however, the 
spectrum of lithium obtained by placing one of its salts in the 
electric arc, or even in the oxy-hydrogen flame, is examined, a new 
and splendid blue line ( 7 ), wave-length 4602, makes its appearance, 
along with several others of less intensity, making in aU twenty 
lines. The same phenomenon is observed in the case of the 
strontium spectrum (Fig. 20), where no fewer than four new lines 
(e, rj, K, and \) make their appearance on raising the temperature 
of the incandescent vapour of the metal. 

A very important feature of the spark spectra of the metals 
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was first observed by Lockyer, making use of a method in which 
the image of the electric arc formed by the incandescence of the 
metal was projected by a lens on the slit of the spectroscope. 
By this process he was enabled to examine the spectrum of 
various portions of the arc, and was thus led to the remarkable 
discovery that in each metallic spectrum certain lines are not 
only brighter than others, but are also longer than the rest. 
That is, one line of a given metal is seen to stretch across from 
pole to pole, whilst another line appears only in the neighbour- 
hood of the poles, where the temperature is highest and the 
density of the incandescent gas may be supposed to be greatest. 
The longest lines are the ones which exist in the spectrum pro- 
duced at lower temperatures. 

The application of instruments possessing greater powers of 
resolution to the study of the spectrum has shown that the 
great majority of the bright lines observed in the spectra of the 
elements are in reality composed of a number of separate lines 
differing only very slightly in wave-length, but often varying 
considerably in intensity. Thus, the red line of hydrogen con- 
sists in reality of two lines of unequal brightness, differing in 
wave-length by only 0-14 A.U. Again, the green line of thallium 
IS triple, and certain of the lines of mercury are quadruple. 

85 Great interest attaches to the question as to whether 
isotopes possess the same spectra. Various researches with 
the isotopes of lead failed to distinguish any variation until 
eventually Aronberg ^ detected a difference, subsequently con- 
firmed by Merton,- of 0-0043 A.U. in the line 4058 A.U. 

The X-ray spectra of elements ® arc of exceptional theoretical 
importance. Those of the elements of smaller atomic weight 
than that of silver give in each case X-rays of two definite and 
not very different wave-lengths. As we proceed from elements 
of lower to those of higher atomic weight the wave-length 
decreases and a very simple relationship exists between the 
frequency (which is the reciprocal of the wave-length) of the 
characteristic radiation and the atomic number, namely, 
V == I Vq{N — n) 2 , where v is the frequency of the characteristic 
radiation, is Eydberg’s universal constant (r. i), N is the 
atomic number of the element, and n a constant nearly equal to 
unity. 


* Asirophys. Journ., 47, 06 (1918). 

> I’roc. Hoy. Soe., 96 , [A], 388 (1920); 100 , [/<], 84 (1922). 
» Moseloy, Phil. May., 1913, 26 , 1024; 1914, 27 , 703. 
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These radiations from successive elements form a series usually 
denoted by the letter K. The elements from zirconium to gold 
give rise to an additional series, also of two lines in each case, 
known as the L series. A similar equation to the above, but with 
a different factor of proportionality, connects the frequency of 
these to the atomic numbers. This series has a greater wave- 
length than the former. For example, in the case of silver the 
K radiation has a wave-length of 0-560 x 10“®, and the L of 
4-17 X l0-\ 

The elements from zirconium to silver have been found to 
give lines of both series, and probably the other elements also 
do so, though experimental difficulties have hitherto prevented 
their observation. 



Fig. 21 . 


The relationship noted above leads directly to a knowledge 
of the number of elements that can exist between hydrogen and 
uranium. (See Atomic Numbers, p. 72.) 

So far no difference has been found between the X-ray spectra 
of isotopes.^ 


THE SPECTRA OF COMPOUNDS. 

86 It appears probable that every individual compound pos- 
sesses a characteristic spectrum which consists of broad bands, 
and not of lines like the spark spectrum of an element. It is, 
however, impossible in many cases to observe this, because the 
compound is decomposed before it reaches a sufficiently high 
temperature to produce a spectrum. Thus, when the compounds 

^ Siegbahn and Stenstrom, Compt. rend,, 166, 428 (1917). 
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of one of the alkali metals are introduced into a Bunsen flame, 
the spectrum produced is the same whatever compound is used, 
and consists of lines which are all found in the spark spectrum 
of the metal. On the other hand, the different salts of barium, 
calcium, or strontium yield different spectra, and these, moreover, 
scarcely contain a single line which occurs in the actual spec- 
trum of the metal. Thus, if a bead of calcium chloride is 
brought into the flame a reddish tint is observed, caused by the 
volatilisation of the salt. The spectrum of this coloured flame 
consists of a series of differently coloured broad bands, the posi- 
tions of which are indicated in No. 1, Fig. 21, and which are 
mainly due to the unaltered chloride and the oxide formed from 
it by calcination. If, now, the same bead is placed between two 
metallic poles, and a bright electric spark is allowed to strike 
round the bead, the spark is seen to assume a bright-red tint 
and when this coloured spark is observed by means of a spec- 
troscope a spectrum of fine bright lines, shown in No. 2, Fig. 21, 
is seen. In the first instance, the spectrum is that of a calcium 
compound; in the second, it is that of the metal itself. 


RELATIONS BETWEEN SPECTRAL LINES. 

87 The Spectrum of a Given Element , — It appears from the 
work of Liveing and Dewar, Hartley, and especially of Balmer, 
Rydberg, Schuster, and Kayser and Runge,^ that relations 
exist between the wave-lengths of the lines in the spectrum of 
a given element. In the spectra of many elements certain 
series of lines have been found, the wave-lengths of which can 
be expressed as functions of a series of whole numbers. 

Kayser and Runge employ the formula, 

i = A - Bn-2 - Cn-‘, 

in which X is the wave-length, A, B, and C are constants deter- 
mined from the observations, and n takes the values of successive 
whole numbers. 

Rydberg, 2 on the other hand, proposes the more rational 
equation, 

109675 

^ Joum, Chem, Soc,, 1883, 43> 390; Phtl, Trans., 1883, 174, 187; Nature, 
1896, 52, 106; British Assoc., 1888, 1896; Ann. Physik, 1894, 62, 114. 

^ K. Svenska Vetensk. Akad. Hand., 1890, 23, No. 11. 
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in which m takes the value of successive whole numbers, n is 
the oscillation frequency expressed as the number of waves 
per centimetre, [x is a constant characteristic of the special 
series, and is the value of n when m becomes infinite ; is 
thus the theoretical limit of the series, and is termed the con- 
vergence frequency. Series of this kind were first discovered in 
the spectrum of hydrogen by Balmer,^ but they are best exempli- 
fied by the spectra of the alkali metals, all of which appear to 
be of the same type. Thus, the arc-spectrum of sodium may 
be regarded as consisting of a large number of pairs of lines, and 
among these there have been detected three series each con- 
sisting of paired lines. The first of these is called the principal 
series, because it contains the most important and conspicuous 
lines of the spectrum. It consists, in the case of sodium, of 
numerous pairs of lines, the frequency difference between the 
members of the pairs becoming smaller as the frequency increases, 
so that the members of the pairs are closer together in the ultra- 
violet than in the visible spectrum. 

The second is called the first subordinate series, or since the 
lines are diffuse, the nebulous series ; it consists of a number of 
pairs, with a constant frequency difference of 17*2 between the 
members of the pairs. The third is called the second subordinate 
series or the sharp series; the lines are sharply defined, and 
there is a constant frequency difference of 17*2 between the 
pairs. 

The equations given by Rydberg for the less refrangible line 
of the pairs in these three series are ' 


Principal series n == 41452-61 — 


109675 

(m + 1-1 16329)*^* 


Nebulous series n = 24470-13 — 


109675 

(m-f- 0-64984)2’ 


Sharp series 


n = 24470-13 - 


109675 

(m+ 0-088436)2' 


In the principal series the more refrangible lines of the pairs 
are given when [x=: 1-117072; in the other series [x remains 
constant, but the convergence frequency for the second line of 
the pair is greater by 17-2. 

These formulae indicate that the two subordinate series have 


1 Ann. Physik, 1886, 26, 80. 
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the same convergence frequency, and further bring out a relation 
of great importance between the principal series and the subor- 
dinate series, which is known as the Rydberg-Schuster law, 
having been independently discovered by these two observers. 
This consists in the fact that the frequency of the first line of 
the principal series is equal to the difference between the con- 
vergence frequencies of the principal and subordinate series. 
Thus in the case of sodium this difference is 41462*61"— 24470* 13 = 
16982*48, and this number is the oscillation frequency of the 
less refrangible D line (wave-length 6896*16). Other relations 
also exist which clearly indicate that these three series are closely 
related to each other and are not represented merely by inde- 
pendent empirical formulsB.^ 

Similar relations are found in the spectra of the other alkali 
metals. In the spectra of the metals magnesium, calcium, 
strontium, zinc, cadmium, and mercury, the principal series are 
wanting, or only very scantily represented, but in all these cases 
the nebulous and sharp series have been found, each composed 
of triplets of lines instead of the pairs present in the spectra of 
the alkali metals. It must be remembered that, as a rule, the 
spectrum contains also many lines which do not fall into these 
series. 

In other cases, such as tin, lead, arsenic, antimony, bismuth, 
etc., no series have been discovered, but numerous groups of 
lines of constant frequency difference have been observed. 
Attempts have been made to connect the existence of these 
various relations between the lines of a spectrum with the mode 
of vibration and form of the atom, but no very definite success 
has yet been attained.^ 

88 The Spectra of Allied Elenmifs . — Relations also undoubtedly 
exist between the spectra of allied elements, and this is well 
seen in the case of the alkali metals. The resemblance between 
these spectra was first noticed by Lecoq de Boisbaudran in 1869, 
the general effect being a shifting of the lines towards the red as 
the atomic weight increases. Ramage ® has carried the matter 
somewhat further by showing that the oscillation frequencies of 

1 For recent work on spectral scries, see Hicks, PhiL Trans., [.4], 1909, 210, 
67; 1912, [^], 212, 33; 1913, [^], 213, 323; Bi]ao(Euvresde (Gauthier- 

Villars; Paris, 1911); Monthly Notices of the Boy, Astronom, Soc., 1914, 74, 
364; Fowler, “The Bakenan Lecture, Phtl, Trans., 1914, [/I], 214, 225; and 
“ Report on Series in Line Spectra," Phys. Soc, Lond., 1922. 

* See Lindcmann, The Monist, Jan. 1906, and Nature, 1906, 73, 392. 

» Proc. Boy. Soc., 1902, 70, 1303. 
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the corresponding lines in the series found in the spectra of 
potassium, rubidium, and csesium, bear a simple relation to the 
squares of the atomic weights of the metals. A somewhat 
similar relation has been brought out by Marshall Watts, ^ who 
has indicated that the atomic weight of a metal, such as zinc, 
may be calculated from a comparison between its spectrum and 
that of an allied metal of known atomic weight, such as cadmium. 
Such a calculation is based on the fact that the differences 
between the oscillation frequencies of corresponding lines in the 
two spectra are in the ratio of the squares of the atomic weights 
of the metals. Thus taking the following pairs of corresponding 
lines. 


Cadmium. 


Zinc. 


30654-4\ 

31905-5j 


diff. 125M, 


32500-01 

32928-7J 


diff. 428-7, 


we have 


mM _ (111-83)2 
428-7 (65-4)2 • 


Our knowledge of the whole question of the relations between 
the separate lines of a spectrum, and between the spectra of 
different elements, is still in a very rudimentary state, although 
the question is one of the most interesting in the whole field of 
chemical and physical inquiry. 


APPLICATION OF THE SPECTROSCOPE TO 
CHEMICAL ANALYSIS. 

89 This instrument is especially valuable in ordinary quali- 
tative analysis for the detection of the metals of the alkalis 
and alkaline earths, and of the more recently discovered metals, 
thallium, indium, and gallium, inasmuch as the salts of all these 
metals can be volatilised in the non-luminous gas-flame. The 
following extract from Bunsen and Kirchhoff’s memoir (1860) 
on this subject gives some idea of the ease and accuracy with 
which the presence of certain of these metals can be detected, 
and leads to the conclusion that the sodium salts are universally 
distributed : 

“ The following experiment shows that the chemist possesses 
no reaction which in the slightest degree will bear comparison 

1 Jt^hiL Mag., 1903, 5, 203. For application of this relationship in calcu- 
lating the atomic weight of radium, see Runge*'and Precht, Phil. Mag., 1903, 
5. 476; Watts, ibid., 1909. 18, 411. 
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as regards delicacy with this spectrum analytical determina- 
tion of sodium. In a far corner of our experiment room, the 
capacity of which was about sixty cubic metres, we burnt a 
mixture of three milligrams of chlorate of sodium with milk 
sugar, whilst the non-luminous colourless flame of the lamp 
was observed through the slit of the telescope. Within a few 
minutes, the flame, which gradually became pale yellow, gave 
a distinct sodium line, which, after lasting for ten minutes, 
entirely disappeared. From the weight of sodium salt burned 
and the capacity of the room, it is easy to calculate that in one 
part by weight of air there is suspended less than go 000,000 000 
of a part of soda smoke. As the reaction can be observed with 
all possible comfort in one second, and as in this time the 
quantity of air, which is heated to ignition by the flame, is 
found to be only about 50 cub. cent., or 0*0647 gram of air, 
containing less than ^;^o^ooo;ooo sodium salt, it follows that 
the eye is able to detect with the greatest ease quantities of 
sodium salt less than 3^^ ^00 ^ milligram in weight. With 

a reaction so delicate, it is easy to understand why a sodium 
reaction is almost always noticed in ignited atmospheric air. More 
than two-thirds of the earth’s surface is covered with a solution 
of chloride of sodium, fine particles of which are continually 
being carried unto the air by the action of the waves. These 
particles of sea-water, cast thus into the atmosphere, evaporate, 
leaving almost inconceivably small residues which, floating 
about, are almost always present in the air, and are rendered 
evident to our eyes in the simbeams. These minute particles 
perhaps serve to supply the smaller organised bodies with the 
salt which larger animals and plants obtain from the ground. 
In another point of view, however, the presence of this chloride 
of sodium is of interest. If, as is scarcely doubtful at the present 
time, the explanation of the spread of contagious disease is to be 
sought for in some peculiar contact action, it is possible that the 
presence of so antiseptic a substance as chloride of sodium, even 
in almost infinitely small quantities, may not be without influence 
upon such occurrences in the atmosphere. 

“ By means of daily and long-continued spectrum observations 
it would be easy to discover whether the alterations of intensity 
in the line Naa produced by the sodium in the air have any 
connection with the appearance and the direction of march of 
an epidemic disease. 
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“ The unexampled delicacy of the sodium reaction explains 
also the well-observed fact, that all bodies after a lengthened 
exposure to the air show the sodium line when brought into a 
flame, and that it is only possible in a few salts to get rid of 
the line even after repeated crystallisation from water which 
has been in contact with platinum only. A thin platinum wire 
freed from every trace of sodium salt by ignition shows the 
reaction most visibly on allowing it to stand for a few hours in 
the air ; in the same way the dust which settles from the air in 
a room shows the bright line Naa. To render this evident it is 
only necessary to knock a dusty book, for instance, at a distance 
of some feet from the flame, when a wonderfully bright flash 
of the yellow band is seen.’* 

Again, to quote from Bunsen’s Memoir : “ Minerals contain- 
ing lithium, such as triphylline, triphane, petalite, and lepidolitc, 
require only to be held in the flame in order to obtain the bright 
line in the most satisfactory manner. In this way the presence 
of lithium in many felspars can be directly detected as, for 
instance, in the orthoclase from Baveno. The line is only seen 
for a few moments, directly after the mineral is brought into the 
flame. In the same way the mica from Altenburg and Penig 
was found to contain lithium, whereas micas from Miask, 
Aschaffenburg, Modum, Bengal, Pennsylvania, etc., were found 
to be free from this metal. In natural silicates which contain 
only small traces of lithium this metal is not observed so readily. 

“ In this way we arrive at the unexpected conclusion that 
lithium is most widely distributed throughout nature, occurring 
in almost all bodies. Lithium was easily detected in forty cubic 
centimetres of water of the Atlantic Ocean, collected in 41° 41' 
N. latitude and 39° 14' W. longitude. 

‘‘ Ashes of marine plants (kelp) driven by the Gulf Stream 
on to the Scottish coasts contain evident traces of this metal. 
All the orthoclase and quartz from the granite of the Odcnwald 
which we have examined contains lithium. A very pure spring 
water from the granite in Schleierbach, on the west side of the 
valley of the Neckar, was found to contain lithium, whereas the 
water from the red sandstone which supplies the Heidelberg 
laboratory was shown to contain none of this metal. Mineral 
waters, in a litre of which lithium could hardly be detected 
according to the ordinary methods of analysis, gave the line 
Lia even if only a drop of the water on a platinum wire were 
brought into the flame. All the ashes of plants growing in the 
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Odenwald on a granite soil, as well as Russian and other potash, 
contain lithium. 

“ Even in the ashes of tobacco, in vine leaves, in the wood 
of the vine and in the grapes, as well as in the ashes of the crops 
grown on the Rhine plains near Waghausel, Deidesheim, and 
Heidelberg, on a non-granite soil, was lithium found. The 
milk of the animals fed on these crops also contains this widely 
diffused metal.’’ 

90 Discovery of New Elements. — The discovery by Bunsen of 
two new akali metals in the mineral water of Diirkheim ^ was 
one of the first results of the application of the spectroscope 
to chemical analysis. Both these new elements are contained 
in the mineral water in extremely small quantities, so that 
44,000 kilos, of the water had to be evaporated in order to obtain 
16*5 grams of the mixed chlorides. The first of these new metals 
yields a spectrum distinguished by two splendid bright blue 
lines, and hence the name Cwsium {ccesiiis, the blue colour of 
the sky) was given to it. The second new metal is characterised 
by a spectrum which contains a bright red line, less refrangible 
than the potassium line Ka, and also a line in the violet. As the 
red line is the one by which the presence of this metal can be 
most readily and certainly detected, Bunsen gave to it the name 
of Rubidium {rubidus, dark-red). 

Since this discovery in 1860, chemists have recognised the 
presence of both these metals in very varied situations ; one of 
them, rubidium, being comparatively widely distributed, and 
found in very many mineral waters. Thus, for example, the 
celebrated water of Bourbonne-les-Bains contains 0*032 gm. of 
caesium chloride and 0*010 gm. of rubidium chloride in one 
litre of water ; whilst in the well-known springs of Vichy, Gastein, 
Nauheim, Karlsbrunn, and many more, either one or both of 
these new metals have been discovered. Rubidium has been 
found to be more widely diffused than caesium, occurring in 
animate as well as in inanimate nature. It has been found in 
beetroot, in tobacco, in the ash of the oak {Quercus pubescens)^ 
in coffee, in tea, and in cocoa. 

In their general chemical characters, as in their spectroscopic 
relations, these two new metals exhibit the closest analogy with 
potassium. So much so is this the case, that without the aid 
of the spectroscope, and the differences which the spectra of 
these three metals present, it was absolutely impossible to 
^ For an analysis of this water, see vol. i., p. 326. 
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distinguish between them. Chemists had, in fact, experimented 
upon caesium but had mistaken it for potassium. (See under 
Caesium.) 

Soon after the discovery of the new alkali metals by Bunsen, 
Crookes, in 1861, proved the presence of a new metal in a 
seleniferous deposit from a sulphuric acid chamber at Tilkerode 
in the Harz. To this new element he gave the name of Thdllium, 
from thallus, a young twig, owing to the bright green colour 
which this substance and its compounds impart to the non- 
luminous flame. The spectrum of thallium is a simple one, 
consisting of one bright green line (Tla), with a wave-length 
of 5349. Thallium has since been shown to occur frequently 
in iron pyrites and several other minerals, so that it is a somewhat 
widely distributed element. It exhibits very remarkable and 
interesting chemical properties, since in certain respects it 
closely resembles the metals of the alkalis, wliilst in others it 
more nearly approaches the heavy metal lead. Hence thallium 
was very appropriately termed by Dumas the ornithorhynchus 
amongst the metals. 

A fourth new metal was discovered in the year 1864, by Reich 
and Richter, in Freiberg. They gave to this substance the name 
of Indiuyn^ owing to the fact that it imparts a dark-blue or indigo 
tint to the flame and its spectrum consists of two indigo-coloured 
lines. It has been found, although in small quantities only, in 
the zinc blendes from Freiberg, Goslar, and a few other places. 

In 1875, Lecoq de Boisbaudran found another new metal in 
zinc blendes from the Pyrenees. To this substance he gave the 
name of Gallium. Its spectrum consists of two violet lines, 
which are best seen in the arc spectrum. The brightest of 
these lines has a wave-length of 4172, the second line having a 
wave-length of 4033. 

The application of spectrum analysis to the study of the rare 
earths has made us acquainted with many new substances, 
among which may be mentioned scandium, ytterbium, and 
samarium. Of surpassing interest is Ramsay’s discovery of 
helium (1895) in the gas evolved by the action of sulphuric acid 
on cl^veite, a rare uranate of uranyl, lead, and the rare earths. 
The gas evolved in this reaction was supposed by certain observers 
to be nitrogen, but examination showed that its emission spectrum 
differed entirely from that of nitrogen, and was characterised 
by a double yellow line of wave-len^h 6876 which occupies the 
same place in the spectrum as a double dark line in the solar 
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spectrum. This solar line had been observed previously, and 
since it did not coincide with a bright line of any known element, 
had been ascribed by Lockyer to an element, which he named 
helium, since it occurred in the sun but not in the earth. Further 
investigations have shown that the gas in question contains this 
solar element which is present also in the terrestrial atmosphere 
(Vol. L, p. 945). 

ABSORPTION SPECTRA. 

91 In accordance with the important optical law known 
as the law of exchanges, every incandescent body is capable of 
absorbing, at the same temperature, exactly those kinds of rays 
which it emits. Hence a glowing body which yields a continuous 



spectrum exhibits, at the same temperature, a continuous 
absorption, whilst those bodies the emission spectra of which are 
broken or discontinuous yield, under similar conditions of 
temperature, absorption spectra which are in like manner broken 
or discontinuous. This selective absorptive action of glowing 
gases is strikingly shown in the case of sodium vapour. If a 
small piece of this metal is burnt in an iron cap in front of the 
slit of the spectroscope the bright yellow sodimn lines will at 
first be seen (No. 2, Fig. 22), but they will soon be replaced by 
two dark lines which are exactly coincident with the bright 
yellow lines, and are seen upon a background of a bright con- 
tinuous spectrum (No. 1, Fig. 22). The sodium spectrum has 
thus been reversed ^ inasmuch as the yellow rays in passing through 
the sodium vapour have been absorbed, whilst the particles of 
glowing oxide of the metal yield a continuous spectrum. Sodium 
vapour is opaque to the yellow D rays. In a similar way the 
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bright lines of the emission spectra of lithium, calcium, strontium, 
barium, as well as of magnesium, copper, and several other heavy 
metals, have been reversed, or the absorption spectra of these 
metals have been obtained. The numerous fine black lines 
seen in the solar spectrum, known as Fraunhofer s lines, are 
produced by the reversal of the spectra of hydrogen, sodium, 
calcium, iron, magnesium, and other metals which are present 
in the state of luminous gas in the solar atmosphere. 

This selective absorption is exhibited by nearly all substances 
in some portions of the spectrum, although in many cases it is 
confined to the non-visible region. The dark absorption bands 
seen when white light passes through the vapour of iodine 
(No. 1, Fig. 23), and those first observed by Brewster in the red 
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fumes of nitrogen peroxide (No. 2, Fig. 23), are good examples 
of this selective absorptive power of gases. Even some colourless 
gases, such as aqueous vapour, possess a strong power of selective 
absorption when a column of sufficient depth is examined 
(Rain-band). 

In addition to the production of bands and lines, there is 
often a general absorption extending over a considerable extent 
of the spectrum. The measurement of the exact position, extent, 
and character of the absorption bands is a matter of considerable 
difficulty, since they are often diffuse, with badly defined edges. 
In such cases the position of maximum absorption must be found 
by photometric measurement, and a scries of observations must 
be made on different thicknesses of the substance in order to 
ascertain how the bands vary in intensity and extent. 

The arrangement shown in Fig. 24 is one which may be used 
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for examining the absorption spectra of gases by means of a 
direct-vision spectroscope. 

The absorption spectrum of a substance, when examined at a 
lower temperature than that at which the bright line spectrum 
is obtained, is not, as a rule, identical with the emission spectrum. 
Thus the dark absorption lines seen in chlorine are not identical 
with, or even analogous to, the bright lines of the emission 
spectrum of chlorine. 

The dark absorption bands of iodine, on the other hand, 
correspond with the emission band spectrum obtained at a low 
pressure in a Geissler tube and also in the flame. 

Characteristic absorption spectra are shown in the visible 
region also by coloured liquids and solutions, whilst many 
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liquids which appear perfectly colourless produce selective 
absorption in the ultra-violet or infra-red. 

92 According to the theory of electrolytic dissociation, salts 
in dilute aqueous solution are almost completely ionised, and 
Ostwald pointed out that it follows from this that the colour 
and absorption of dilute solutions must be due to the presence 
of a particular “ colour-producing ” ion. The absorption of 
dilute solutions of all salts yielding the same colour ion should 
therefore be the same, whilst in more concentrated solutions the 
absorption would be due both to the undissociated molecules and 
to the ions, and would therefore be modified in character. 

The fact that the different salts of a metal may show absorption 
spectra which differ in certain respects was observed in 1866 by 
Bunsen in the case of didymium, and has been established for 
neodymium and praseodymium, the constituents into which 
Bunsen’s didymium lias since been resolved, and for many other 
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salts. Dilution of the solutions of these salts, however, does not 
invariably bring about complete identity of absorption, and a 
striking instance of this is afforded by the metallic nitrates, each 
of which shows a characteristic absorption spectrum in the ultra- 
violet, differing according to the metal which is present (Hartley). 

In other cases, examples of which are the bromide, chloride, 
nitrate, and sulphate of copper (Ewan), and the metallic per- 
manganates (Vaillant), the absorption spectra of the different 
salts are practically identical, and are not greatly altered by 
dilution, although the dissociation is thereby increased. 

It is evident that the absorption produced by aqueous solutions 
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of salts is a very complex phenomenon, the complete analysis 
of which has not yet been effected.^ 

93 Solutions of metallic salts are not the only liquids which 
exhibit this power of selective absorption. Many organic 
liquids possess it in a high degree, and by this means com- 
plicated liquids of animal and vegetable origin can be easily 
distinguished when no other method is available. As an 
example of selective absorption in organic liquids, the spectrum 
reaction of blood may be cited. No. 1, Fig. 26, exhibits the two 
dark bands, situated between Fraunhofer’s D and E, seen in 
oxidised blood, and due to oxyhsemoglobin. Noi 2 on the 

* See Baly’s Spectroscojyy (Longmans) ; also Houstoun, Proc. Roy, Soc. 
Edin., 1911, 31, 521-558. 
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same figure shows the absorption spectrum of deoxidised or 
venous blood, consisting of one dark band. By the action of 
an acid on blood, the oxyhaemoglobin is converted into hsematin, 
yielding a different absorption spectrum. The haematin, like 
the oxhyaemogolobin, is capable of undergoing oxidation and 
reduction. The absorption bands of haematin are shown in 
Nos. 3 and 4, Fig. 26. Another interesting fact is that the 
blood, when it contains very small quantities of carbon mon- 
oxide in solution, exhibits a very characteristic set of absorption 
bands. Carbon monoxide acts, however, as a very violent 
poison, and these bands are seen in the blood of animals which 
have been suffocated in the fumes of burning charcoal. In 
the same way, the peculiar compound which haemoglobin forms 
with hydrocyanic acid yields a characteristic absorption spec- 
trum. The instrument with which these absorption spectra 
can be observed with extremely small quantities of the liquids 
is a spectroscope placed in connection with a microscope. The 
eyepiece contains prisms so arranged that the refracted rays 
pass in a straight line from the object into the eye. Such 
spectroscopes are termed direct-vision instruments, and are very 
portable and useful forms of the apparatus. This .instrument, 
in the hands of Sorby, has proved capable of detecting l 
part of a grain of blood in a blood-stain. 

The same observer states that wines of different vintages may be 
distinguished by a variationin their respective absorption spectra.^ 

Many substances which are transparent to ordinary light 
show very characteristic absorption bands in the ultra-violet 
or infra-red portions of the spectrum. Thus Abney and Festing ^ 
have ascertained the position of the bands and lines produced 
in the infra-red spectrum by many elements and groups of 
elements and radicals, whilst Hartley® has shown that the 
aromatic compounds are characterised by well-marked absorption 
bands in the ultra-violet, the position of the bands being intimately 
connected with the constitution of the substance. He has even 
been able to decide between several possible constitutional formula 
for a substance by the character of its ultra-violet absorption 
spectrum.^ 

1 Chem, News, 1869, 20, 295. * Proc. Pay, Soc., 1881, 31, 416. 

* Journ, Chem. Soc., 1885, 47» 685; 1888, 53> 641. 

* See Hartley, “ Relation between Absorption and Constitution of Organic 
Substances,** Kayser, Handbuch der Speciroscopie, vol. ii., chap. 3 (Hirzel, 
I^ipzig, 1005), where a detailed aecount of this subject is given; also Baly*s 
Spectroscopy, 

VOL. II. (I.) 
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Considerable advances have been made in this direction by 
Henri, ^ who has studied absorption quantitatively and, by means 
of the principles of the theory of resonance, has succeeded in 
establishing relationships between absorption and chemical 
constitution. 

Loomis 2 has used the absorption spectra of hydrogen chloride 
to throw light upon the spectra of isotopes. In the case of lead 
the difference in the atomic weight of the two isotopes is only a 
very small fraction of the whole, owing to the high atomic weight 
of lead, but chlorine, which consists, according to Aston, of two 
isotopes of atomic weight 35 and 37 respectively, shows a greater 
proportional difference. The effect on the spectra should be 
correspondingly more marked. Loomis calculates that the 
absorption spectra of ordinary HCl should consist of pairs of 
lines separated by 1/1330 of their frequency, those of the shorter 
wave-length having about 3*35 times the intensity of the others. 
This refers to the ideal case where the lines are absolutely sharp 
and perfectly resolved, and he considers that the experimental 
results of Imes ® confirm the theory. 


COMPOSITION OF THE SOLAR ATMOSPHERE. 

94 When sunlight is allowed to fall upon the slit of a spec- 
troscope, the solar spectrum thus obtained is observed to differ 
essentially from the spectra which we have hitherto considered. 
A bright band is seen stretching from red to violet, but this 
band is cut up by a very large number of fine black lines. These 
lines are always present, and always occupy the same relative 
position in the solar spectrum — they are, in fact, shadows in the 
sunlight. They were originally noticed by Wollaston, but first 
carefully mapped by Fraunhofer, the principal lines being 
designated by him with the letters of the alphabet. Fig. 26 is 
a reduced facsimile of Fraunhofer’s original map. 

The cause of these dark solar lines was long a mystery. 
Fraimhofer, finding that sunlight, both direct and reflected as 
moonlight, always gave the same lines, whereas the light of the 
fixed stars contained different dark lines, came to the conclusion 
in 1814 that these dark lines were produced in the solar atmo- 
sphere, and not by the passage of the light through the intervening 
space, or through our own atmosphere. 

' £tude de Photochimief 1919, * Astrophys, Journ., 52f 248 (1920-22). 

* Ibid., 50, 261 (1919). 
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It was not until the year 1860 that the true cause of the 
production of these lines was first clearly proved by Kirchhoff, 



although the same cause had already been suggested by Stokes 
as a possibility. Kirchhoff was engaged in the comparison of 
the bright lines of certain metallic spectra with the dark lines 
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in the sun. To his astonishment he found that all the bright 
lines of such metals as iron, calcium, and magnesium have dark 
representatives of the solar spectrum. Not only has each bright 
metal line a dark one coincident with it, but the breadth and 
intensity of the bright metal line are as a rule reproduced in the 
dark line of the solar spectrum; this may be seen by allowing 
a solar and a metallic spectrum to fall one below the other in 
the field of the telescope. Other metals, for instance, gold and 
antimony, exhibit no such coincidences ; not a single bright line 
of these is found coincident with a dark solar line. It is clear 
therefore, that there must be some kind of connection between 
the bright lines of metals of the former class and the dark solar 
lines. Such coincidences cannot possibly be the result of mere 
chance. 

We have already seen that the spectrum of sodium can be 
reversed. By passing the light from incandescent sodium 
through the vapour of the metal, the bright yellow double line 
is changed to a dark one. If the solar atmosphere contained the 
vapours of sodium, of iron, of magnesium, of calcium, etc., in 
the state of glowing gas, and if white light from the incandescent 
mass beneath passed through these vapours, the effect pro- 
duced would be exactly that which is in fact observed. The 
coincidence of the dark solar lines with the bright iron lines 
may therefore be attributed to the presence of iron in the sun^s 
atmosphere. 

“ As this is the only assignable cause, the supposition appears 
to be a necessary one. These iron vapours might be contained 
either in the atmosphere of the sun or in that of the earth. But 
it is not easy to understand how our atmosphere can contain 
such a quantity of iron vapour as would produce the very distinct 
absorption-lines which we see in the solar spectrum ; and this 
supposition is rendered still less probable by the fact that these 
lines do not appreciably alter when the sun approaches the horizon. 
It does not, on the other hand, seem at all unlikely, owing to the 
high temperature which we must suppose the sun’s atmosphere 
to possess, that such vapours should be present in it. Hence 
the observations of the solar spectrum appear to me to prove 
the presence of iron vapour in the solar atmosphere with as great 
a degree of certainty as we can attain in any question of physical 
science ” (Kirchhoff). 

By observing the coincidences of the dark solar lines with the 
bright lines of terrestrial elements we may deduce the constitu- 
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ents of the solar atmosphere. The elements the existence of 
which in the sun has now been ascertained, thanks to the labours 
of Kirchhoff, Angstrom, Thalen, Lockyer, Kayser, Eunge, and 
Rowland, are the following : 

Elements contained in the Sun's Atmosphere. 


Aluminium. 

Helium. 

Palladium. 

Barium 

Hydrogen. 

Rhodium. 

Cadmium. 

Iron. 

Scandium. 

Calcium. 

Lanthanum. 

Silicon. 

Carbon. 

Lead. 

Silver. 

Cerium. 

Magnesium. 

Sodium. 

Chromium. 

Manganese. 

Strontium. 

Cobalt. 

Molybdenum. 

Tin. 

Columbium. 

Neodymium. 

Titanium. 

Copper. 

Nickel. 

Vanadium. 

Erbium. 

Nitrogen (as 

Yttrium. 

Germanium. 

cyanogen). 

Zinc. 

Glucinum. 

Oxygen. 

Zirconium. 


Presence Doubtful. 

Iridium. 

Potassium. 

Thorium. 

Lithium. 

Ruthenium. 

Tungsten. 

Osmium. 

Platinum. 

Tantalum. 

Uranium. 


The solar corona yields a spectrum of bright lines, none of 
which have as yet been identified with the lines of any terrestrial 
spectrum. 


STELLAR SPECTRA 

95 In a similar way W. Allen Miller and Huggins have suc- 
ceeded in proving that various elements, including hydrogen, 
sodium, calcium, magnesium, iron, occur in the atmosphere of 
the star Aldebaran, whilst other stars have been shown to con- 
tain other elements. The photographic mode of record was 
applied by Huggins to the spectra of stars, and has yielded per- 
manent pictures of the dark lines in the stellar spectra drawn by 
nature herself. 

From the observations of Secchi and others it appears that 
the stars may be divided into four main classes according to the 
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general nature of the spectra which they present. In those of 
the first class, metallic vapours are not conspicuous, the spectra 
being characterised mainly by strong dark lines corresponding 
in position to the bright lines of hydrogen, as in the case in 
Sirius, Vega, and most white stars. In some of the stars of 
this class, dark lines of helium, oxygen, nitrogen, silicon, and 
carbon are present. The second group contains the yellow stars 
such as Pollux, Capella, Aldebaran, etc., the spectra of which 
resemble that of the sun, containing niunerous dark lines due 
not only to hydrogen, but also to metals. The members of the 
third group, which comprises the red stars such as Betelgeux 
and a TIerculis, in addition to some dark lines show fluted spectra, 
which have been found to be due to the presence of titanium 
oxide ^ in their atmospheres. Stars of the fourth type exhibit 
fluted spectra due to some compound of carbon in the incandescent 
state. Apart from the classification just given there are a few 
stars, such as /? Lyra and 7 Cassiopeiae, which exhibit bright 
line spectra. Nebulm show, as a rule, very simple spectra of 
bright lines, among them those of hydrogen and helium, together 
with others not yet identified. 

The simpler a spectrum is, the simpler must be the compo.si- 
tion of the body which yields that spectrum. Arguing upon 
these premisses, Lockyer concludes that the atmospheres of the 
whiter stars contain the fewer elements and those of smaller 
atomic weight, and that as the peculiar colour of the star becomes 
more distinct its atmosphere becomes more complicated. These 
results, coupled with the well-known fact that dissociation of 
chemical compounds uniformly takes place if the temperature 
is only sufficiently high, have led Lockyer to suggest that, the 
heat being greatest in the white stars, their simple spectra can be 
best explained by the existence of a temperature sufficient to 
dissociate the substances to which on this earth we give the name 
of elementary bodies.® More recent research, however, makes it 
increasingly probable that all the lines in celestial spectra will 
ultimately be identified with tho.se of terrestrial spectra.® 

1 Fo>^ler, Monthly Notices, jRoy. Adrorwm, Soc,^ 1909, 69 , 508. 

2 ,Sce further, lloscoc’s Lectures on Spectrum Analyses (4th edition, 
Macmillan, 1885); Jjockyer, Chemistry oj the Sun (Macmillan, 1887), Inorganic 
Evolution as Studied by Spectrum Analysis (Macmillan, 1900), Proc. Roy. Soc,, 
1887, 42 , 37; 1888, 43 , 117; 1910, [A], 84 , 426. 

® See Nature, 1912, 90 , 466. 
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96 When a chemical substance passes from the gaseous or 
the liquid state into that of a solid, it generally assumes a definite 
geometrical form, and is said to crystallise, 

A crystal is a solid body, formed in this way, and bounded by 
plane surfaces. As a rule, every chemical substance in the solid 
state possesses a distinct form in which it usually crystallises 
and by which it can be distinguished. 

The occurrence of various mineral substances in distinct 
crystalline forms was noticed by the ancients, and they gave the 
name crystal (fcpvcrraWo^, ice) to one of these, viz,, to quartz or 
rock-crystal, because they believed that this body owed its for- 
mation to the effect of cold. The Latin Geber was aware that 
crystals can be obtained artificially by the evaporation of a 
solution of a salt. He describes the production of several 
chemical compounds in the crystalline condition, and shows 
how they may be purified by recrystallisation. Many years, 
however, elapsed before this property of matter was regarded 
as anything more than an unimportant one. Libavius, it is 
true, asserted in the year 1597 that the nature of the saline 
components of a mineral water could be ascertained by an 
examination of the crystalline forms of the salts left on the 
evaporation of the water. But so imperfect were the views 
regarding the formation of crystals that Lemery classified them 
simply according to their thickness, believing that this was 
dependent upon the size of the ultimate particles of the acids 
contained in the salts. In the year 1703, Stahl pointed out 
that the compounds obtained by the action of acids upon sea- 
salt crystallise in forms different from those assumed by the 
corresponding compounds of potash, and hence he concluded 
that sea-salt contained a peculiar alkali, distinct from the common 
alkali potash. Guglielmini appears to have held much more 
rational views than Lemery concerning the formation of crystals. 
In his Dissertaiio de Salihus, published in 1707, he asserts that 
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the smallest particles possess definite crystalline forms, and 
that the differences in form which we observe between the crystals 
of alum, nitre, and sea-salt are caused by similar differences 
existing between the forms of the smallest particles. 

It is, however, to Haiiy (1743-1822), that we are indebted 
for the foundations of the science of crystallography. Haiiy was 
the first to point out the fact that every crystalline substance 
possesses certain definite and characteristic forms in which it 
crystallises, and that all these different forms can be derived from 
one fundamental form which can be ascertained by measure- 
ment of the angles of the crystal. Upon this principle he founded 
in 1801 his celebrated system of the classification of minerals. 
General Characteristics of Crystals. — A crystal of any sub- 
stance is characterised, in the first place, by its special geo- 
metrical form, and, in the second place, by its 
physical properties, both of which we must 
suppose to be due to the special mode of ar- 
rangement of the particles of which the crystal 
is built up. In an amorphous, or non-crystal- 
line, substance the physical properties are as 
a rule the same in every direction throughout 
its mass, whilst in a crystalline substance this 
cannot be the case for all of them. Thus, for 
example, under ordinary conditions light travels 
through a piece of glass at the same rate in 
whatever direction it may happen to pass, whilst in a crystal 
of quartz or calcspar the rate is different in different directions. 
The physical properties are even more characteristic of a 
crystalline substance than the geometrical form which it assumes, 
and can be recognised in fragments of the substance in which 
the characteristic crystalline form may be quite unrecognisable. 

Parts of a Crystal; Faces, Edges, Corners, and Zones. — A 
typical crystal of quartz or rock-crystal, SiOg, is shown in Fig. 27. 
The plane surfaces by which the crystal is bounded are termed 
faces. The straight lines formed by the intersection of two 
contiguous faces are the edges. Solid angles or corners are 
made by the intersection of three or more faces at a point, and 
are sometimes also termed summits. In the given crystal there 
are evidently two kinds of corners, namely, those in which four 
faces meet, and those in which six faces meet. 

A remarkable feature of the development of crystals is that 
no matter how great the number of faces, they can be divided 
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into a relatively small number of zones ^ i.e., sets of faces inter- 
fiecting in parallel edges; the six vertical faces in Fig. 27 
lie in a zone with vertical edges. There are three other obvious 
zones, each of which includes two vertical faces and four pyramid 
faces, the edges of intersection being horizontal. The eighteen 
faces, then, on the crystal lie in four zones. This predisposition 
of a relatively large number of faces to lie in a zone greatly sim- 
plifies the measurement of a crystal. A line drawn through the 
centre of the crystal parallel to a zone edge is termed the zone 
axis. 

Distortion of Crystals , — Crystals of alum are bounded by eight 
faces inclined at the same angles as the regular octahedron of 
Fig. 28, but the shape of the crystal rarely obtains such an ideal 




development; more often it approximates to that of Fig. 29. 
A comparison of the two figures will show that the deposition of 
parallel layers of material on the large pair of faces of the latter 
figure would transform it into the ideal shape. This deposition 
does not alter the angles between the faces. Such a departure of 
the shape from that of the ideal form is termed distortion^ and is 
due to the more favoured position of some of the faces of the 
crystal in the solution during growth. If a small distorted 
crystal be carefully turned over from time to time so as to rest 
on different faces during growth, it will gradually assume the 
ideal form. 

97 Measurement of Crystals , — The instrument now used for 
this purpose is the reflecting goniometer invented by Wollaston 
in the year 1809, a modern form of which is shown in Fig. 30. 
Suppose the crystal to be measured is the quartz crystal of 
Fig. 27. By means of a little wax it is placed in a vertical position 
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with its pointed end on a small pin which fits into a corresponding 
hole at the upper end of the central axis of the instrument, 
and is clamped tight by means of the top small screw. The 
other screws, seen at the upper end of the axis, are for centring 
and tilting the crystal so as to bring the edges truly vertical. 
The remaining parts of the instrument are : — the divided circle, 


Fig. 30. 


K (provided with verniers ss for taking the readings), which is 
clamped to the central axis, the whole being rotatable by means 
of the milled ring, g', at the bottom of the instrument. Light 
from an incandescent burner is sent through a slit at the end 
of the collimator C and falls on the crystal. The telescope 
L is fixed at a convenient angle to C (say a little over a right 
angle), and the crystal is rotated till the image of the slit, reflected 
from a face, comes on to the cross-wires in the telescope. When 
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the reading has been taken, the crystal is rotated and successive 
readings are noted for the various faces till a full rotation of 
360° has been carried out. The differences between succes- 
sive readings will be found to be 60° O'. The position of one 
of the faces while a reading is being taken, as viewed from the 
top of the instrument, is shown in Fig. 31. It is seen that the 
normal to the face, namely AT, bisects the angle between col- 
limator and telescope, and in order to bring the next face into 
the same position it is necessary to rotate the crystal 60°. It 
follows that the angle actually measured is the outside angle, 
or the angle between the normals to the two faces, and not the 
internal angle, which in this case would be 120°. These outside 
measured angles are the ones usually employed in modern 
writings, a fact which should be borne in mind. After a complete 
zone has been measured, the crystal 
is removed, and adjusted on the 
wax with another set of faces verti- 
cal, and the process is repeated till 
all the faces have been measured. 

As will be shown in the next 
section, the angles between edges 
have great theoretical significance. 

The simple goniometer just de- 
scribed records only the angles 
between pairs of faces (“ interfacial 

angles ”) ; from them the angles between the various edges can 
be obtained by simple trigonometrical calculation. In recent 
years, liowever, goniometers have been constructed provided 
with two, or even three, divided circles which admit of a 
direct measurement of the angles between edges as well as the 
interfacial angles. 

98 The fundamental Law of Geometrical Crystallography , — 
The difference in appearance between two crystals of the same 
substance, even when they are of the same crop, may be due to 
another factor besides distortion, viz., a difference in the number 
of faces : not only may some faces be suppressed, but in addition 
to the usual faces a crystal may occasionally exhibit an altogether 
new set of faces. It is therefore not surprising that the view was 
formerly held that each individual crystal has its own shape ; and 
it was only after crystals began to be measured that a simple 
mathematical relationship was discovered between the various 
shapes. The nature of this relationship will now be discussed. 
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Crystals of common salt are generally cubes with small tri- 
angular facets on the corners (Fig. 32) ; the latter on measure- 
ment are found to be inclined to one another at the same angles 
as the faces of a regular octahedron. Through the centre, 
0, of the crystal let three axes, OX, OY, and OZ, be drawn 
parallel to the three cube edges. Now imagine the facet, f, 
extended in space till it meets the axes in the points A, B, C; 
the lengths OA, OB, 00 are the intercepts of the face p on the 
axes OX, 0 Y, and OZ. The actual lengths OA, OB, 00 obviously 
depend on the perpendicular distance of the face p from the 
point 0 at the centre of the crystal, and as a crystal grows 
they will all increase in magnitude. Since, however, during 
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growth the face p remains parallel to itself, the ratios of the three 
intercepts, viz. OA : OB : 00 remain constant. These ratios, 
generally denoted by a:b :c, are termed the parametral ratios 
(or axial ratios) of the crystal, the face p the parametral plane, 
and the three axes, OX, OY, OZ, the crystallographic axes. 

It is thus found that the intercepts of any other face of the 
crystal can be expressed by the ratios rm\nh\ oc, where m, n, 
and 0 are rational whole numbers (or in some cases infinity). 
This relation is known as the Law of Rational Intercepts and 
has been verified in every case investigated. 

In the instance just considered (viz., salt) a=b= c, but in 
other substances they may be unequal. 

If the other three front corner facets be extended in a pre- 
cisely cimilar manner it is foimd that their intercepts have 
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exactly the same rations a:b:c, but when allowance is made for 
the fact that they intercept certain of the axes towards their 
negative ends {X\ Y\ Z'), the intercept ratios of the three facets 
are seen to be a: b : c, a: — b: c, and aib:—- c. The 
extensions of the four corresponding facets at the back of the 
crystal are not put into the figure ; they have this in common, 
that they meet the negative end of the axis OX. 

The intercepts of the three faces 2), JE, F must now be con- 
sidered. To take D. The axes OY and OZ were drawn parallel 
to the edges between DF and DE respectively, i.e.^ to two 
directions lying in the plane D. Since, however, they were 
drawn through the centre of the crystal which lies at the back 
of Z), it is easy to see that however far the plane D be extended, 
it will never meet the axes OY and OZ. Its intercepts, then, 
on these axes are of infinite length. Its intercept on the axis 
OX is finite and the ratios of the intercepts of the face D are 
la : 00 6 : oo c. Similarly, the intercepts of the faces E and F 
are in the ratios oo a : 16 : oo c, and oo a : oo 6 : Ic. 

The parametral or axial ratios, a :b : c, are calculated by 
trigonometrical methods from the measured angles. Now, with 
the exception of crystals belonging to the cubic sijstem (p. 202) 
the angles of no two substances are alike, and it follows that 
the parametral ratios have different numerical values for each 
separate substance. 

Millerian Indices. — It is convenient to replace the system of 
intercepts by one of indices,’’ the use of which was introduced 
by W. H. Miller. The indices of any face are derived from the 
intercepts by a simple algebraic transformation. For example, 

a b c 

the intercepts la : oo 6 ; oo c may be written in the form— * q • q 


[for 


^ ~ 00 6, etc.^ ; the denominators 1, 0, 0, enclosed in a 

bracket, thus (100), are the indices of the face D (Fig. 32). Simi- 
larly, we obtain -B-(OIO) and F-(OOl). The intercepts of p, viz., 
a b c 

la : 16 : Ic, become p* — ; p hence the indices are (111). It will 


be noted that when a face is parallel to any axis its intercept is 
00 , and the corresponding index is 0. In the case of a negative 
intercept the minus sign is placed over the corresponding 
index. The indices of all the faces are shown in Fig. 33. The 
indices of a face constitute its symbol^ and the symbol determines 
unambiguously the direction of the face on the crystal : thus 
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a b 


(213) means that the face has intercepts in the ratios : 

2 1 o 


, where a, 6, and c are the parametral lengths of the crystal in 
question. 

This term, in addition to its ordinary meaning 
“ shape,” is employed in a very special sense in crystallography, 
the precise nature of which will now be explained. As has 
already been stated the physical properties of a crystal vary 
with the direction ; e,g,y the cohesion of a crystal is less in certain 
directions than in others, and the difference is often so pronounced 
that on subjecting the crystal to fracture it breaks quite easily 
along certain planes so as to afford brilliantly reflecting cleavage 
surfaces. A crystal of common salt may be easily cleaved into 
thin flakes parallel to the three faces 2), E, F, whilst attempts 
to break the crystal in other directions, say along the octahedra 

facets, merely lead to very irregular 
fractures. The perfection of the 
cleavage is exactly the same for the 
three pairs of cube faces, and the same 
absolute similarity is found to extend 
to every physical property that has 
been investigated. Again, the four 
octahedral planes are similar in every 
respect. Such a group of physically 
similar faces is known as a form\ the six cube faces constitute 
the cube form, the eight octahedron faces the octahedron form. 
Wlien several forms are developed on the same crystal it is 
said to exhibit a combination of forms. 

It will be noted that the indices of the faces constituting the 
cube and octahedron forms are permutations of the numbers 
(100) and (111) respectively, including plus and negative signs. 
This regularity has really resulted from a wise choice of the 
three crystallographic axes and parametral plane, and is very 
desirable, since crystallographic descriptions are much simplified 
thereby. A complete form is often denoted by enclosing the 
indices of one of the faces in broken brackets, e.gr., {Ill j designates 
the whole octahedral form. 



SYMMETRY OF CRYSTALS. 

99 Symmetry is a property of frequent occurrence in natural 
objects : the higher forms of life are characterised externally by 
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bi-lateral symmetry — the two halves bearing a very obvious 
relationship to each other. But it is in the crystal kingdom 
that symmetry reaches its highest form, for, as a rule, not only 
does the external form exhibit symmetry of a high order, but 
a study of the physical properties discloses the fact that the 
internal structure is also endowed with symmetry; and the 
conclusion may be safely drawn that the symmetry of external 
form is a manifestation of a unique, and regular, molecular 
arrangement. The form of a crystal often appears to be of a 
most complicated character, but when viewed in the light of 
symmetry it never fails to acquire the utmost simplicity. Sym- 
metry again provides a sure basis of classifica- 
tion with regard to both the external form and 
the physical properties. There are three kinds 
or “ elements ” of symmetry to be considered : 
plane, axis, and centre of symmetry. 

Plane of Symmetry , — ^Any object which can be 
divided into two halves, so that one half is, as 
it were, the mirror image of the other across 
the plane of bisection is said to exhibit a 'plane 
of symmetry. Thus in Fig. 34, representing a 
crystal of gypsum, CaS 04 , 2 H 20 , the plane of 
symmetry which bisects the crystal parallel to 
the face h is indicated by shading, and it is seen 
that the two faces, mm, occupy mirror image 
positions with respect to that plane : the same 
holds for the other faces, pp and 66, as well as 
all the edges on the crystal. Such a crystal is said 
to have a plane of symmetry parallel to 6. The symmetrical 
character of the crystal about this plane in regard to physical 
properties can be proved by means of a simple experiment. 
On pressing the point of a red-hot needle against the faces, 
dehydration commences and as a result of a difference of the 
conductivity for heat in different directions, elliptical, and not 
circular, opaque rings of plaster of Paris are formed, which show 
up very well against the clear, unaffected parts of the crystal. 
Now on examination it is foimd that not only are the ellipses 
on the faces mm similar in curvature but also in orientation 
with respect to the plane of symmetry. Further proof of the 
existence of the same plane of symmetry in the physical sense 
is afforded by the relative orientation and curvature of the 
ellipses on the faces pp. 
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Axes of Symynetry. — If the crystal of potassium periodate, 
KIO4 (Fig, 35), be rotated about the -vertical axis, Z through an 
angle of 90°, the face will come into the position of Og? <>3 iiito 
O4, into (^2* ^tc. Further rotations of 90° serve to bring every 
part of the figure again into coincidence. Such an axis of rotation 
is termed an axis of symmetry ^ and as complete coincidence occurs 
four times during a complete rotation of 360°, the axis is desig- 
nated four-fold or tetragonal. On the other hand, when rotated 
about the axis Y the rotation necessary to bring each face into 
the position formerly occupied by a similar face is 180° ; so that 
this direction is termed a two-fold or digonal axis of symmetry. 
The crystal of apatite (Fig. 36) has a vertical axis of six-fold 
or hexagonal symmetry emerging through the centre of the top 
face, whilst in the crystal of sodium periodate, NaI04,3H20 



(Fig, 37), the vertical direction is one of three-fold or trigonal 
sym'tnetry. 

Alternating Axes of Symmetry, — Crystals of urea, CO(NH2)2, 
Fig, 38, appear at first sight to have a vertical axis of two-fold 
symmetry. But consider the face : if it be rotated 90° about 
the vertical axis and subsequently reflected across the horizontal, 
shaded plane it comes into the position of jpg, and the same 
coincidence holds for the crystal as a whole. An axis of sym- 
metry of this peculiar character is termed an alternating axis 
of four-fold symmetry. An aUernating axis of six-fold symmetry 
is exhibited by the mineral calcite, CaCOg, a rare form of which 
is shown in Fig. 39. The crystal appears to have a vertical 
six-fold axis of ordinary symmetry. If, however, the crystal 
be immersed in a dilute solution of hydrochloric acid for a few 
seconds, then washed free from the acid and viewed with a lens, 
etched figures are seen. These figures are due to the fact that 
the solubility of a crystal is different along different directions, 
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but the same along similar directions; the etched figures have, 
moreover, a similar form and a symmetrical orientation on 
similar faces. Although the form of the figures is the same on 
all the vertical faces, yet the orientation is only similar on alternate 
faces ; if the etched figures be rotated 60° about the vertical axis 
and then inverted by reflection across a horizontal plane, coin- 
cidence becomes complete : the vertical axis is really an alternat- 
ing six-fold axis of symmetry. Reliance on the geometrical 
form often suggests too high a symmetry; the method of explor- 
ing crystal structures by means of etched figures is most valuable 
in unmasking the true symmetry. 

Centre of Syynmetry , — When the physical and geometrical 


All 12 




properties of a crystal are the same along both directions of each 
and every line in the crystal, the crystal is said to possess a centre 
of symmetry. The presence of a centre of symmetry is shown 
geometrically when each and every face is accompanied by a 
similar parallel face; e.^r., the crystal of copper sulphate, 
CuS 04 , 5 H 20 , shown in Fig, 40. 

It must be remarked that a crystal need not necessarily possess 
any of the above elements of symmetry. Such a crystal is 
completely asymmetric in the fullest sense. Calcium thiosulphate, 
CaSgOajGHgO, is an example (Fig. 41) ; it will be noticed that 
several of the faces have no corresponding parallel faces at the 
back. 

100 The Thirty-two Classes of Crystals . — The various elements 
of symmetry which have been described are the only kinds 
VOL II. (i.) o 
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exhibited by crystals, and it is easy to show that no other elements 
of symmetry are possible in a body obeying the law of rational 
intercepts : e,g., a five- ( seven- eight-, etc.) fold axis of symmetry 
would lead to the development of faces with irrational intercepts. 
Now most of the crystals used as illustrations in the preceding 
section possess more symmetry than was actually mentioned; 
most of those containing axes of symmetry also exhibit one or 
more planes of symmetry, and also a centre of symmetry. The 
following question then arises : What combinations of the 

various elements of symmetry are possible in a crystal obeying 
the law of rational intercepts ? '' This mathematical problem 




has been completely solved, and the number of classes, or com- 
binations of symmetry, is thirty-one; adding to this the asym- 
metric class, the number thirty-two is finally obtained. Of 
the thirty-two classes theoretically possible, representatives 
of at least thirty have been recognised amongst the substances 
already measured. The number of substances crystallising in 
each class is very disproportionate; one or two of the classes 
are hitherto only represented by a single substance, whilst others 
include many thousands. A reference-list of the thirty-two 
classes is given on page 209. 

The word form has already been defined as the collection of 
faces having similar physical properties ; it must be added that 
they must also be similar in the geometrical sense. Now, even 
in the same crystal, the number of faces constituting the various 
forms is not the same. In the crystal of sodium periodate 
(Fig. 37, p. 192) the vertical three-fold axis is the only element 
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of symmetry, and it is perpendicular to the base C. On rotating 
the crystal through angles of 120° about this axis, the face C 
never occupies any other direction in space; but a face like r 
on such rotation gives rise to two other similar faces. The 
form r therefore consists of three faces, whilst the form G is 
represented by one face. It may be stated that the number of 
faces constituting the form depends on the relative position 
of the faces with regard to the elements of symmetry. In those 
classes where there are several elements of symmetry, the possi- 
bility of variation is naturally greatly increased. 

1 01 The Seven Systems, — In addition to the division into the 
thirty-two classes according to symmetry there has long been 
in use another classification of a coarser character, viz. into the 
seven systems.” The latter classification was already in use 
before the question as to the possible number of classes of sym- 
metry had been exhaustively studied. When the crystallo- 
graphic axes and parametral face have been chosen so that the 
various faces of a form obtain similar intercepts, or in other words 
similar indices, it is found that the relative inclination of the 
axes and their parametral lengths correspond to one of the 
following seven cases, or systetns, and the crystal is reckoned as 
belonging to that system : 

Crystallographic Axes and Parameters. 

1. Three axes unequally inclined; with 

unequal parameters 

2. Three axes, one perpendicular to the 

other two ; with unequal parameters 

3. Three axes, all at right angles; with 

unequal parameters 

4. Three axes, all at right angles; with 

two out of the three parameters eqpal 

5. Three axes, mutually inclined at equal 

angles (not a right angle); with all 
three parameters equal 

6. Pour axes, one perpendicular to the 

remainmg three, which are mutually 
inclined at 60°; with parameters of 
the last three axes equal 

7. Three axes, mutually perpendicular; 

with all three parameters equal 

In this way the thirty-two classes may be distributed into 
seven systems. The classes which fall within one and the same 
system bear a pronounced family likeness : the class with highest 
symmetry contains all the elements of symmetry exhibited 
by the other classes in the same system and, except in the 
trigonal system, is the most common class. In the following 
short description of the various systems, the most common class 


System. 

Triclinic, Anorthic or Asym* 
metric. 

Monoclmio or Monosymmetrio. 
Rhombic or Orthorhombic. 
Tetragonal or Quadratic. 
Khombohedral or Trigonal. 

Hexagonal. 

Cubic, Tesseral or Regular. 
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will be the one selected to represent each system ; a few of the 
remaining, less symmetrical, classes which are of chemical 
interest will be discussed subsequently. 

It can be proved that the direction ( 1 ) of an axis of symmetry 
or ( 2 ) of a line perpendicular to a plane of symmetry, is a possible 
edge, i. e. an edge between faces having rational intercepts ; 
and it is therefore permissible to use such Erections as crystallo- 
graphic axes although they may not be actually developed as 
edges. It should be noted that axes of symmetry and crystallo- 
graphic axes are not interconvertible terms ; the latter are as a 
rule chosen parallel to the former, but this is not always so. 
Moreover, there is often a greater number of axes of symmetry 
than of crystallographic axes, the number of the latter being only 
three, with the single exception of the hexagonal system, which 
has four. 



1. The Triclinic, Anorthic, or Asymmetric System. 

102 The three crystallographic axes, OX, OY, OZ, may be 
selected parallel to any three edges on the crystal, and are in 
any case inclined at different angles, usually denoted by a, 
and y. The parametral lengths of these three axes are unequal. 

Example , — Potassium dichromate, K 2 Cr 207 . (Fig. 42.) 

a:b: c=l-0116 : 1 : 1-8146; a=98° O', /8-96° 13', 7 =90° 51'. 

Symmetry: A centre of symmetry; each form therefore 
consists of a pair of parallel faces. 

The edges selected for the directions of the three crystallo- 
graphic axes, OX, OY, and OZ, are those between the faces B and 
C, C and A, A and B respectively, from which it follows that the 
faces A, B, C will have the indices (100), ( 010 ), ( 001 ) respectively. 
The parametral face chosen is p, and since it cuts the axis OZ 
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at its negative end, the indices of p must be (111). The ratios 
of the parameters a : 6 : c, as also the angles a, /3, and 7, are 
calculated from the angles which these four faces make with 
each other. The remaining faces are then found to have the 
following indices : s (lOT), r (101), m (110), n (llO), q (Oil), 
t (012), 0 (111). 

2. The Monoclinic or Monosymmetric Systejm. 

103 One of the crystallographic axes, namely 07, is taken 
parallel to the only edge on the crystal which is found to be 
perpendicular to two other edges, and the latter are chosen for 
the directions of the two crystallographic axes, OX and OZ, 


2 



The latter axes are not inclined at 90°, but at some other angle, 

Example . — Rubidium magnesium sulphate, 

Rb2Mg(S04)2,6H20 (Fig. 43). 
a:b:c = 0-7400 : 1 : 0-4976 ; ^ = 105° 59'. 

Symmetry (Class 5). — One plane of symmetry containing the 
axes OZ, OZ, perpendicular to which is a two»fold axis of sym- 
metry (the axis OF) ; also a centre of symmetry. 

The axis OX is parallel to the edge eg, OZ to mm. The axis 
OF is a possible edge, since it is parallel to the two-fold axis of 
symmetry; it is the edge in which c and r would intersect. The 
parametral plane is p (111), the remaining forms being m {llOj, 
s {111}, and q {011}, each consisting of four faces; and c {OOlj, 
h {010} and r {20T}, each consisting of two faces. There is an 
imperfect cleavage parallel to the last-mentioned face. 
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Another example of a monoclinic crystal is gypsum (Fig. 34, 
p. 191). 

3. The Rhombic or Orthorhombic System. 

104 The 'three crystallographic axes, OX, OY, and OZ, are 
taken parallel to a particular set of edges (or possible edges) 
mutually perpendicular to one another. A face which is inclined 
to all these directions is selected as parametral plane, and gives 
three unequal parameters. 

Emmple . — Potassium sulphate, K2SO4 (Fig. 44). 

a:b:c= 0*5727 : 1 : 0*7418. 

Symmetry (Class 8). — Three planes of symmetry at right 
angles to one another (Fig. 45), intersecting in three two-fold 
axes of symmetry ; also a centre of symmetry. 




The crystallographic axes, OX, OZ, are taken parallel to the 
edges cq and am respectively. The axis OY is not developed 
as an actual edge, but this direction, as well as those of OX and 
OZ, is one of two-fold symmetry. The parametral plane is p and 
has therefore the indices (111). The forms a {100}, h {OlOj, 
and c {001}, which are parallel to two of the axes, consist of a 
pair of parallel faces; forms like m {110}, n {130}, q {011}, and 
r {021}, which are parallel to one axis and intersect the other 
two, consist of four faces ; finally, forms like p {111}, and s {112}, 
which intersect all three axes, consist of eight faces. 

Other examples are aragonite, CaCOg (Fig. 46), and potassium 
perchlorate, KCIO4, a crystal of which is shown in Fig. 47. 

The forms in the first mentioned are : — the parametral plane 
0 {111}, b {010}, p {110} and q {011}; and the parametral ratios 
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are a : 6 : c = 0*623 : 1 : 0*721. In potassium perchlorate the 
forms are ; c [001}, a {lOOj, b {010}, q {011}, m {110} and r {102}. 
In this crystal there is no face intersecting all three axes, so 
recourse must be had to two parametral faces, viz., m, which 
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decides the ratio a : 6, and q, from which the ratio 6 : c is 
calculated; a\b\c~ 0*7815 : 1 : 1*2805. 


4. The Tetragonal or Quadratic System. 

105 The crystallographic axes, OX, OY, and OZ, are mutually 
perpendicular, OZ being taken parallel to the unique axis of 




four-fold symmetry (or of the alternating axis of four fold 
symmetry). The parametral lengths of the axes OX and OY 
are equal, but have a different value from that of the axis OZ, 
Exumple.—ZiTcon, ZrSi04 (Fig. 48). 

a= b\ a : c = 1 : 0*640. 
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Symmetry (Class 15). — One vertical four-fold axis which is 
perpendicular to four two-fold axes intersecting at angles of 45°. 
These five axes of symmetry are respectively perpendicular to 
the horizontal and the four vertical planes of symmetry shown 
in Pig. 49. 

In Fig. 48, the parametral plane is (111), which is seen to 
consist of eight faces. The form {lOOJ consists of four faces, and 
the form {311} consists of sixteen faces. 

5. The Rhombohedral or Trigonal System. 

io6 The most characteristic form of this system is the 
rhombohedron (Fig. 50), and the three crystallographic axes, OX, 

OYy and OZ, are drawn parallel to the 
three edges of this form. The para- 
metral lengths are equal. The angles 
between the three axes, OX, OY, and 
OZ, are equal, but not right angles; 
these angles are denoted by a, and are 
calculated from the measured angles bc- 
Fio. 60. tween the faces of the rhombohedron. 

Example , — Sodium nitrate, NaNOg; 
a = 102° 47'. Form, the simple rhombohedron (Fig. 51). 

Kxsa 



Fiq. 61. Fia 52. 

Symmetry (Class 21). — Three vertical planes of symmetry 
(Fig. 52), perpendicular to each of which there is a two-fold 
axis of symmetry, emerging at the middle point of each of the 
zig-zag edges (Fig. 51), and further a vertical axis of alternating 
six-fold symmetry. It will be noted that none of the crystal- 
lographib axes is chosen either parallel to an axis of symmetry, 


Alt. VI 
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or perpendicular to a plane of symmetry. Although somewhat 
arbitrary, it is only by means of this choice that similar faces 
acquire similar intercepts and indices. 

Other examples are the minerals of the calcite group. 

6. The Hexagonal System. 

107 Here, again, the choice of crystallographic axes is peculiar, 
since it is found advisable to select no fewer than four. The 




disposition of the three axes X, F, Z, intersecting at angles 
of 120°, and of the fourth axis Tf, which is perpendicular 
thereto, is shown in Fig. 63. The para- 
meters agi <^3 of ^xes X, Y, Z 
are equal, but the parameter c of the 
fourth axis has a different value. The 
parametral ratio a : c is calculated from 
the angles between the faces shown on 
the figure. 

Example . — Beryl (emerald), a : c = 

1 : 04989 (Fig. 54). 

Symmetry (Class 27). — A vertical axis 
of six-fold symmetry and six two-fold 
axes of symmetry, intersecting at angles 
of 30° in the horizontal plane; each 
being respectively perpendicular to the single horizontal and the 
six vertical planes of symmetry shown in Fig. 55 ; also a centre 
of symmetry. 

Since there are four crystallographic axes, each face has four 
intercepts. _ 

The forms in Fig. 54 are m{10T0}, p{0lTl}, 5(1121}, and 
c{0001}. 
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7. The Cubic, Tesseral, or Regular System. 

io8 Crystals of this system are referable to three mutually 
perpendicular crystallographic axes, with equal parameters, i.e., 
a=: b= c. 

Examples : — Fluorspar, CaFg ; cubes with octahedral facets 



Fig. 56. Fig. 57 


(Fig. 33, p. 190). Senarmontite, SbgOg; regular octahedra 
(Fig. 32, p. 188). Garnet : Rhombic dodecahedra (Fig. 59). 

Symmetry (Class 32). — The symmetry is the highest possible 
in all crystals and is identical with that of a cube, viz., four 
three-fold axes emerging through the corners, i.e., perpendicular 
to the octahedron faces; three four-fold axes parallel to the 



Fig. 58. Fio. 59. 

cube edges, i.e., perpendicular to the cube faces; six two-fold 
axes emerging at the mid-point of the cube edges, i.e., per- 
pendicular to the dodecahedral faces (Fig. 56). Further, 
three planes of symmetry parallel to the cube faces, and six 
diagonal planes of symmetry parallel to the dodecahedral faces 
(Fig. 57) ; also a centre of symmetry. 

The relationship of the rhombic dodecahedron to the cube 
will become clear from an inspection of Figs. 58 and 59. In 
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the first figure the dodecahedral faces are seen to truncate the 
twelve edges of the cube. If the twelve facets be extended in 
space, so as to eliminate the cube faces, they ultimately yield 
the simple rhombic dodecahedron of Fig. 69. 


ENANTIOMORPHISM. 

109 Many natural objects are not identical with their mirror 
images ; the reflection of a right hand in a plane mirror appears 
to be a left hand ; so that although the two hands are certainly 
similar, the one is easily distinguishable from the other. Bodies 
which can exist in two non-superposable forms which are the 
mirror images of each other are termed enantiomorphous. The 
study of geometry has led to the recognition that only those bodies 
can exist in enantiomorphous forms which are devoid of the 
following three elements of symmetry : plane, centre, and 
alternating axis of symmetry. The only elements of symmetry 
compatible with enantiomorphism are the ordinary axes of 
symmetry. These conditions are satisfied by eleven out of the 
thirty-two classes of symmetry, and examples of enantiomor- 
phism have been discovered in crystals belonging to all these 
classes. 

Geometrical Evidence of Enantiomorphism in Crystals , — The 
more important faces on crystals of magnesium sulphate, 
MgSO^jTIIgO, are shown in Fig. 60. The crystals are ortho- 
rhombic with a : 6 : c “ 0*9901 : 1 : 0*5709, and appear to have 
three planes of symmetry (shaded), and three two-fold axes of 
symmetry as indicated. The development of the crystals, 
however, is sometimes of a less symmetrical character, and two 
kinds of crystals may be distinguished (Figs. 61 and 62). Of 
the eight terminal faces in Fig. 60, only half are developed on 
the first crystal, the remaining half on the other crystal. The 
effect of this “ hemihedral ” development of the terminal faces is 
to indicate the absence of the three planes of symmetry ; nor is 
there a centre of symmetry, for the faces no longer all appear 
in parallel pairs. The crystals still possess the three two-fold 
axes of symmetry, and are enantiomorphous, one being the non- 
superposable mirror image of the other. It may be noted that 
the enantiomorphism is outwardly indicated on the crystals 
by the p faces ; each set of four p faces constitutes a form, the 
two forms being symbolised hy p {111} and p' {111} respectively. 
When both these forms are developed, Fig. 60 is obtained, and 
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the crystal appears to have both planes, and a centre of 
symmetry. The form m {110} consists of four faces on all the 
three crystals and does not afford any clue to the class of 
symmetry. In fact, only faces like p, which consist of half the 
usual number of faces, really unmask the true symmetry and 
exhibit geometrical enantiomorphism. In certain classes of the 
cubic and tetragonal systems a form may consist of only a 
quarter of the usual number of faces, and on this account is 
termed tetartohedral. 

The first known example of enantiomorphism was quartz. 
The usual development of this mineral is that already shown in 
Fig. 27, p. 184, which appears to have a centre, as well as several 




Fio. 62. 


planes, of symmetry ; but etched figures prove the absence of all 
these elements of symmetry. Moreover, the enantiomorphism 
is sometimes demonstrated by the appearance of hemihedral 
facets, labelled x on Figs. 63 and 64, which distinguish the two 
kinds of crystal; the two crystals are called right- and left- 
handed respectively, or dextro- and IsDvo-crystals. 

no Optical Activity or Rotatory Polarisation . — The enantio- 
morphous development of a crystal is due to a corresponding 
enantiomorphism of its internal structure, or in other words, to 
the fact that the arrangement of the molecules is devoid of a 
centre, plane, or alternating axis of symmetry. The structure 
is of course the same for a given substance, whether hemihedral 
faces are developed or not. It has been discovered that most 
substances crystallising in enantiomorphous forms are endowed 
with optical activity, i.e., the power of rotating the plane 
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of polarised light. This property was found in quartz by Arago, 
and soon after it was proved by Herschel that a crystal having 
the development of Fig. 63 effects a clock- wise or to^ro-rotation 
whilst the quartz of Fig. 64 is optically active in the opposite 
sense (laevo). Whether a given quartz crystal, devoid of hemi- 
hedral facets, is dextro or laevo can be easily settled by a simple 
optical determination. 

The fact that certain enantiomorphous crystals are devoid 
of optical activity has received a satisfactory theoretical explana- 
tion, which cannot be entered into here. An example is sal- 
ammoniac (cubic system, class 29). 

Certain substances preserve their optical activity when 
dissolved, liquefied, or vaporised : not so the remainder. An 




example of the first kind is tartaric acid ; quartz and magnesium 
sulphate, on the other hand, are examples of the second kind. 
In the latter cases, the scat of the activity must lie in an 
enantiomorphous grouping of molecules in the crystal edifice. 
In the former case, the primary cause is evidently an enaniio- 
morphous grouping of atoms within the molecule (see p. 227). 

Twin Crystals or Macks , — Sometimes two (‘^ twins ”) or more 
(‘‘ trillings, fourlings,’^ etc.) crystals are grown together in a 
symmetrical manner, so that the various individuals present 
a recognisable regularity of orientation. Cassiterite, SnOg, for 
example, often occurs in the elbow form of Fig. 65, which is 
clearly a combination of two crystals, each being the reflection 
of the other across a plane — “ twin plane ” — which happens to 
be the plane of contact. The couplet of fluorspar crystals 
(simple cubes of Fig. 66) is an interpenetration twin, and the 
orientation of one crystal is derivable from that of the other by 
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a rotation of 180 ® about the diagonal emerging through the 
common corner; this direction of rotation is called the twin 
axis. Such groups of crystals are regarded as twins only when 
the plane of reflection (or the axis of rotation) is parallel to a 
possible face (or a possible edge); and other groupings are 
regarded as accidental. 

The twinning of enantiomorphous crystals deserves especial 
mention. Combinations are sometimes observed in which the two 
individuals are symmetrical about a plane. Now reflection of 
a dextro-crystal across a plane yields a laevo-crystal ; such 
“ twins,” then, are really combinations of dextro- and laevo- 
individuals. If the two individuals interpenetrate each other 



very thoroughly the result may appear to be a single crystal, 
and if the conditions have been favourable for the development 
of hemihedral facets, both sets will appear. This interesting 
property is of quite frequent occurrence in quartz, apparently 
single crystals of which sometimes exhibit both sets of x faces ; 
when subjected to optical examination they are found to be com- 
posed of dextro- and laevo-material. Kipping and Pope ^ have 
shown that this mutual interpenetration provides a simple 
explanation of the general behaviour of pseudo-racemic ” 
substances. 


OPTICAL, THERMAL, AND ELECTRICAL 
PROPERTIES OF CRYSTALS. 

Ill In general it may be stated that the physical properties 
of a crystal vary with the direction; but directions which are 
similar in the geometrical sense are also physically equivalent, 
^ Kipping and Pope, Joum, Chem. Soc., 1897, 71, 989. 
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so that the investigation of the physical properties often sheds 
valuable light on the symmetry. 

Optical Properties of Crystals , — The relations of crystals to 
light are of great importance, as enabling us to determine crystal- 
line symmetry in cases in which the usual methods either give 
uncertain results or fail entirely. Transparent crystals belong- 
ing to the regular system exert no peculiar action on a ray of 
light ; they behave in this respect like glass or any other amor- 
phous substance. The incident ray gives rise to one refracted 
ray, and the crystal possesses one refractive index. ^ 

All other crystals are doubly refractive, and they are further 
subdivided into uniaxial and biaxial crystals. 

The uniaxial crystals comprise those of the rhombohedral, 
hexagonal and tetragonal systems. In one direction, termed 
the optic axis, which is parallel to the principal axis of symmetry, 
no double refraction occurs, but in all others the incident ray is 
doubly refracted, forming two plane-polarised rays, one of which, 
the ordinary ray, follows the ordinary law of refraction, whilst 
the other, the extraordinary ray, does not in general follow this 
law. 

The biaxial crystals comprise those of the rhombic, monoclinic, 
and triclinic systems. In them, incident light is doubly refracted, 
yielding two extraordinary plane-polarised rays. They possess, 
however, two directions in which a ray is singly refracted, and 
these are called the optic axes. The angle between the optic 
axes of a biaxial crystal is an important constant of the crystal. 
Thus, for example, with sodium light it is 69° 5' for rhombic 
sulphur, 47° 54' for the monoclinic potassium magnesium sul- 
phate, and 76° 36' for the triclinic albite. 

Ther'tnal Properties, -Crystals which belong to the cubic 
system expand equally in every direction when heated, but for 
crystals belonging to other systems the expansion in general 
varies with the direction. A sphere cut out of a cubic crystal 
remains a sphere, but one cut out of a crystal belonging to the 
uniaxial systems (rhombohedral, tetragonal, and hexagonal) 
becomes an ellipsoid of rotation, the axis of rotation being coin- 
cident with the principal axis of symmetry ; while in the case of 
the biaxial systems (rhombic, monoclinic, and triclinic), the sphere 

^ Cases have indeed been observed by Brewster and others in which a crystal 
belonging to the cubic system exhibits double refraction, but this is due to 
unequal tension in the mass of the crystal, and resembles the case of double 
refraction by unequally heated or compressed glass. 
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expands into an ellipsoid with three unequal, rectangular axes. 
As a result of the unequal expansion a small change is noted in 
at any rate some of the interfacial angles on raising the tempera- 
ture. Cubic crystals, however, retain their angles unchanged. 

Similar relationships hold good for heat conduction. The 
conducting power of crystals can be studied by covering the 
face of a crystal with a thin coating of melted wax, allowing the 
wax to solidify, and then bringing the point of a hot needle 
through the wax coating into contact with the crystal. If the 
crystals contain water of crystallisation, wax may be unneces- 
sary (see p. 191). If the crystals conduct equally in all direc- 
tions in the plane of the face, the wax will melt in a circle of 
which the hot point is the centre ; this is the case with all cubic 
crystals. If the conduction be unequal, the melted wax assumes 
the form of an ellipse. The ellipses on similar faces have similar 
curvature and orientation. 

Pyro-electric Behaviour of Crystals , — Certain badly conducting 
crystals when heated exhibit a peculiar development of electricity, 
one end of the crystal becoming negatively electrified, whilst 
the other end exhibits positive electricity. Such crystals are 
termed pyro-electric. 

This phenomenon can naturally occur only in crystals which 
have no centre of symmetry, for the latter involves a similarity 
of physical properties in opposite directions along every line. If 
the polar ends of the crystal correspond to the two ends of an 
axis of symmetry, that axis is said to be polar. Polarity along 
an axis conclusively proves the absence of a plane of symmetry 
perpendicular thereto, and pyro-electricity is therefore a valuable 
help in the determination of symmetry. Examples of crystals 
possessing one polar axis are the minerals hemimorphite and 
tourmaline (classes 7 and 20 respectively) ; quartz exhibits three, 
and boracite four, polar axes. 

Certain enantiomorphous crystals exhibit pyro-electricity, e, g, 
tartaric acid (class 4) ; the dextro- and leevo-forms are antipodal 
with respect to their pyro-electric behaviour. 


Eeference List of the Thirty-two Classes of Crystal 
Symmetry. 

1 12 In the annexed list the following abbreviations are 
employed : “ ZZ-A ” = a two-fold axis, “ ZZZ-A ” a three-fold 
axis, etc. ; AU ” = alternating, ‘‘ Pol ’’ == polar (used in con- 
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System. 

Class No.' 

Symmetry. 

Example. 

Triclmic . 

E. 1 

No symmetry 

Calcium thiosul- 

phate. 

Potassium di- 
chromate. 


Hoi, 2 

Centre of symmetry 

Monoclinic 

3 

IP ... . 

Potassium tetra- 
thionate. 


4 

in-^(PoZ.) . . 

Tartaric acid. 


Hoi, 6 

III-^, IP . . 

Rubidium mag- 
nesium sulphate. 

Rhombic . 

E, 6 

(l+H-l)II-4 . 

Magnesium sul- 
phate. 

Hemimorphite, 

ZnSi 03 ,Zn( 0 H) 2 . 


7 

lILA(Pof),(l+l)P . 


Hoi 8 

(1+1+1)II.^(1H1 1)7". . 

Potassium sul- 
phate. 

'J'ctragonal 

E, 9 

1 TV-A (Pol) . 

Barium antimonyl 
tartrate. 


10 

\lY-A(All) . . 

No example known. 


E, 11 

1 IV-^, (2+2) II-J 

Strychnine sulphate. 


12 

1 IV-A, IP . . . 

Scheehte, CaW 04 . 


13 

1 IV-^, (Pd.), (2+2)7' 

lodosuccmimide. 


14 

1 lV-A,(Alt.),2lhA,2P 

Urea. 


Hoi 15 

1 IV-A,(2+2)II-.4,{14-2 j-2)P 

Zircon, ZrSi 04 . 

Rhombohe- 

E. IG 

1 IIL^ (Pol) 

Sodium periodate. 

dral . 

17 

\yi-A(Alt.) .... 

Dioptase, 

CuHaSiO^. 


E, 18 

1 Iir-A, 3 II-A (Pof.) . . . 

Quartz, SiOj. 


19 

1 Ill-A, IP 

No example known. 


20 

1 m-^ (Pol), 3P . . . 

Tourmalme (com- 
plex silicate). 


21 

1 VI-+ {^7< ), 3 3P . . 

Calcite, CaCO^. 


Hoi 22 

lin-^,3II-+,(3 1 1)P . 

Benltoite, BaTiSijO#. 

Hexagonal 

E, 23 

1 VI-^ (Pol.) 

Strontium antimo- 
nyl tartrate. 


E, 24 

1 VI-^ (3+3) II-+ .... 

Barium antimonyl 
tartrate -{■ potass- 
ium nitrate. 


25 

1 VI-^, IP 

Apatite, 

Ca,F(P04)3. 


2G 

1 VI-^ (Po7.), 6P .... 

Silver iodide. 


Hoi 27 

1 VI-^, (3+3) 1I-.4, (l+3+3)P 

Beryl, Be 3 Al 2 (Si 03 )o. 

Cubic . . 

E. 28 

4 iri-.4, 3 II-4 

Sodium chlorate. 


E, 29 

4III-A,3IV-A,6II-.4 . . . 

Sal-ammoniac. 


30 

4III-A,3II.A,3P .... 

Iron pyrites, FeSj. 


31 

4III-A (Pof.),3II-.4,GP . . 

Zmo blende, ZnS. 


Hoi 32 

4 III-A, 3 IV-A, 6 IhA, (3+6)P 

Fluorspar, CaFg. 


^ The numerical order of the classes is that adopted by Tutton in his 
Crystallography and Practical Crystal Measurement, p. 137 (Macmillan, 1922). 
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nection with axes), = plane of symmetry. The numbers 
refer to the number of planes or of axes of symmetry. Where 
there are several planes of symmetry, they are divided up into 
groups, the members of each group occupying similar positions 
in the crystal; thus, (3 + 1) ^ signifies that there are altogether 
four planes of symmetry, three of which are similar (i. e, are 
parallel to faces belonging to the same form), but different 
from the fourth. The same procedure is adopted for the axes. 
Those eleven classes in which enantiomorphism is possible are 
indicated by the letter E, The class in each system with highest 
symmetry is often termed Jiolohedral (“ Hoi ”) since the number 
of faces belonging to each form is the greatest possible. 


POLYMORPHISM. 

1 13 In his celebrated system of classifying minerals devised 
in 1801, Haiiy propounded the following two principles: (1) 
a given substance always crystallises in the same form, (2) 
similarity of form of two substances, except in crystals of the 
cubic system, indicates a complete identity of chemical com- 
position. It was, however, soon found that his principles could 
not be applied in all their generality, for exceptions to both of 
these statements were known even at that time, and many more 
were soon discovered and established by careful investigation. 

In 1821, Mitscherlich proved that the property of crystal- 
lising in two distinct forms, i.e., forms which are not referable 
to the same parameters, is common to many substances both 
elementary and compound, and he termed such substances 
dimorphous. 

It has since been found that other substances are capable of 
existence in three or even four distinct crystalline forms, as, e.g,, 
titanium dioxide and ammonium nitrate respectively. These 
are termed trimorphous and telramorphous, whilst the general 
term polymorphous is applied to all substances which possess 
more than one crystalline form. 

The different modifications of polymorphous substances are 
not only distinguished by their crystalline form, but also differ 
in their other physical properties, such as specific gravity, hard- 
ness, cleavage, refractive power, etc. In fact, they behave 
physically like distinct substances. These differences, however, 
exist only in the crystalline condition, the various forms yielding 
identical solutions, fusions, and vapours. The differences there- 
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fore would seem to be due solely to a difference in the arrange- 
ment of the chemical molecules in the crystal structure. 
Substances of the same composition which preserve their 
individuality when dissolved are not polymorphous modifications 
but isomerides. 

Sulphur is an excellent example of a polymorphous substance. 
At least four crystalline modifications are known, as well as 
several amorphous varieties ; only two of the crystalline modifica- 
tions will be considered. One of these occurs in nature, and is 
rhombic (class 6), with a:b:c = 0*8130 ; 1 : 1*9030 (Fig. 67), 
the specific gravity being 2*07. It is also formed on evapora- 
tion of a solution at the ordinary temperature. The second 
modification was discovered by Mitscherlich by allowing fused 
sulphur to cool; it is monoclinic (class 5), with a:b:c~~ 




0*9958 : 1 : 0*9998; yS = 95° 46', and the specific gravity is 1*96 
(Fig. 68). The rhombic form is stable at the ordinary tempera- 
ture, but at 95*6° it changes with absorption of heat into the 
monoclinic variety, which is stable from this temperature up to 
the melting point. The reverse change, accompanied by evolu- 
tion of heat, occurs when the monoclinic crystals are cooled 
below 95*6°. This “ transition temperature ” is influenced by 
change of pressure, and Tammann^ has found that under a 
pressure of 1288 atmospheres the transition point is 151°. This 
is also the melting point of the monoclinic modification under 
the pressure mentioned, so that under higher pressures and 
temperatures it ceases to have any stable existence. Similar 
cases are known in which under the ordinary atmospheric pressure 
the transition temperature is above the melting point of one of 
the two modifications. 

^ Tammann, Ann. Physik, 1899, [3], 68, 633. 
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The exceptions to Hatty’s second statement are isomorphous 
substances (page 230). 


CRYSTALLOCHEMICAL ANALYSIS. 

114 Since, with the exception of substances belonging to the 
cubic system, no two substances are alike, the possibility of 
identifying a given unknown substance by measurement becomes 
obvious, provided the substance has already been examined 
crystallographically. Such a process of identification has been 
termed “ Crystallochemical Analysis ” by Fedorov,^ who has 
succeeded in classifying all the available crystallographic material 
so as to permit of easy reference. The classification depends 
on the principle that the angles in the most important zone 
of a crystal approximate either to 90° or to 60°, or in other 
words crystals are either pseudo-tetragonal or pseudo-hexagonab 
A good example is potassium dichromate, which is triclinic with 
a:b: c=l-0116 : 1 : 1-8146 ; a = 98° O', yS = 96° 13', 7 = 90° 51. 
Now these values are not far removed from the hypothetical 
values, 1:1: 1-8146 ; a = j 8 = 7 = 90°, which would be charac- 
teristic parameters for a tetragonal crystal. Each substance 
hitherto measured (the total being about ten thousand) has been 
given a “ correct setting,” i.e., has been set up so that the impor- 
tant 90° or 60° zone is placed in the vertical direction. An 
index of all these correct settings has been compiled, the values 
of certain characteristic angles, never exceeding five in number 
and usually only two or three, being taken as the basis of the 
sub-arrangement. 

An unknown substance can be quickly identified by measur- 
ing one or two crystals ; an examination of the various angles 
leads to the discrimination of the correct setting, and the 
characteristic angles can then be selected. A substance having 
these angles is sought for in the index, and identification is 
effected. Apart from its great theoretical interest, the new 
method is likely to be of the utmost practical utility, especially 
in those cases where only a small amount of material is available. 

^ Fedorov, Zeit. Kryat. Mm., 1912, 60 , 613; Barker, Chem. News, 1912, 
106 , 199; Lancet, 1917 (May 26th), 798. 
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CRYSTAL STRUCTURE.' 

1 15 Theories of Crystal Structure . — The first real theory of 
crystal structure is due to Hauy, who advanced the idea that a 
crystal is built up of minute units having the form of the cleavage 
figure, and packed together so as to fill space completely. The 
structure of a crystal of sodium (or potassium) chloride on this 




theory is shown in Figs. 69 and 70, which also illustrate the 
development of an octahedral facet at one of the corners. This, 
as well as any other inclined facets (for example, the dodecahedral 
facet replacing a cube edge), presents a step-like character, which 
distinguishes it from a cube facet; but no experimental evidence 
of this distinction is looked for, as the irregularity is premised 
to be of molecular dimensions. 



The next theory of crystal structure is essentially due to 
Bravais, who discarded the idea that a crystal is built up of solid 
units in favour of an open structure, i.e., one in which discrete 
particles are arranged at regular intervals throughout space. 
If each cubelet of Fig. 69 be replaced by a structural particle 

1 Consult Brit. Assoc. Report, 1901, 297; Annual Reports Ghem. Soc., 1913 
onwards; W. H. and W. L. Bragg, X-Rays and Crystal Structure. 
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(represented by a point) placed at its centre, the Bravais space- 
lattice ” structure of Fig. 71 is obtained. It will be seen that 
the irregular character of the octahedral facet disappears, the 
latter being now represented by a smooth plane of points. The 
cube and octahedral planes (as also the dodecahedral plane repre- 
sented on a vertical edge of Fig. 72) can, however, still be divS- 
tinguished from each other in no less than three ways. In the 
first place, the pattern is different, being a square in a cube plane, 
an oblong in a dodecahedral plane and a 120®-rhomb in an 
octahedral plane. The second way in which the three planes 
differ is in closeness of texture (or, as it is generally termed, 
“ reticular density ”). This can be conveniently measured by 
the area of the typical parallelograms (square, oblong, and 120°- 



rhomb respectively reproduced in Fig. 73), which simple geometri- 
cal considerations prove to be in the ratios 1 : -v/2 ' -v/3. Texture 
is therefore close.st in the cube planes. The third point of differ- 
ence refers to the perpendicular distances between successive 
layers. A glance at Fig. 71 will show that this distance in the 
case of the cube planes is given by the edge of the tiny cubical 
cell. The corresponding distances between dodecahedral and 
octahedral layers can be proved to have the following comparative 
values (illustrated true to scale by Fig. 74), d (cube) : d (dodec.) : d 
(octah.) = 1 : 1/^2 • l/-v/3. 

The distances between successive layers of particles have 
recently acquired a great practical importance, since they can be 
actually measured by the AT-ray method of exploring crystal 
structure. They will therefore receive further notice, but in 
the meantime it may be observed that the relatively great 
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distances between cube layers can scarcely be compatible with 
strong forces of attraction. An easy separation (cleavage) 
parallel to the cube planes is therefore to be expected. Bravais 
also sought to explain the development of specific faces on a 
crystal in terms of the space lattice structure. In the case of 
rock salt (or of sylvine) the faces of common occurrence (namely, 
the cube, dodecahedron, and octahedron) are precisely those 
that are distinguished by a close texture. This simple correlation 
between the structural texture of a plane and its actual develop- 
ment as a crystal face is not limited to the case of rock salt or 


1 



CUBE 





sylvine, but can be extended to the whole of the crystal kingdom. 
It can therefore be regarded as a general law of nature (“ The 
Bravais Law ”). 

The various space lattices were studied thoroughly by Bravais, 
who showed that fourteen types are distinguishable, falling 
under the seven crystalline systems. The symmetry, how^ever, 
is always that of the holohcdral class of each system ; thus the 
existence of the lovrer classes of symmetry necessitates a further 
assumption. Bravais met the requirement by employing small, 
symmetrically shaped particles instead of mere points, the shape 
and orientation of these particles being such as to produce the 
lowering of symmetry requisite in each case. 
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Subsequent geometricians have shown, not only that it is 
possible to account for the thirty-two classes without having 
recourse to Bravais particles, but also that a new method of 
treatment reveals possible cases of crystal structure which are 
not capable of representation by his method. There are two 
stages in this final development. 

The first advance is due in its completed form to Sohncke.”* 
It will be observed that the space lattice is homogeneous, every 
part of the structure being the same as any other part. Sohncke 
showed that sixty-five types of arrangement of points in space 
(“ point-systems ”) are possible which fulfil the following defini- 
tion of “ homogeneity ” ; the system of points, regarded as 
unlimited, is such that the arrangement around any one of the 
points is the same as around any other. 

The second and final advance consisted in enlarging Sohncke’s 
definition of homogeneity in the following sense : the assemblage 
around a selected point may be the same as, or the mirror image 
of, the assemblage around other points. By introducing this 
principle of enantiomorphous similarity, it was discovered 
independently by Fedorov, Schoenflies, and Barlow ^ that there 
are in all 230 generalised types of point systems, which can be 
allocated to the thirty-two classes according to their symmetry. 

^Vhilst leaving nothing to be desired in the way of general 
principles, the completed theory of crystal structure is necessarily 
lacking in precise details. However reasonably sure, for example, 
it is that the general lines of the structure of rock salt (or of sylvine) 
are presented by Fig. 71, the question whether each point 
represents the centre of gravity of an atom or of a molecule or of 
a congery of molecules obviously requires for its solution a suit- 
able method of investigation. It was not till quite recently 
(1912) that the proper instrument was discovered in the form of 
Jt-rays, but the results already obtained are sufficiently precise 
to deserve as full a description as space will allow. 

ii6 The X‘Ray Method of Ex]}loring Crystal Slruclme, — This 
remarkable development is due to Laue’s happy inspiration that 
the regular structure of a crystal might act as a three-dimen- 
sional diffraction grating towards AC-rays, in much the same 
way as lines drawn at appropriate intervals on a plane surface 

^ Sohncke, Entwickelung einer Theorie der Krystallstrukturt Leipzig, 1879; 
Zeit. KrysL Mtn., 1888, 14 , 423. 

* Consult H. Hilton, Mathematical Crystallography (Oxford, Clarendon 
Press, 1903). 



CRYSTAL STRUCTURE. 


217 


react towards ordinary light. A crystal of copper sulphate 
was first tried, ^ and specially ground sections of zinc blende were 
then examined. The arrangement of the apparatus used is shown 
in Fig. 75, where A is the AT-ray tube, are diaphragms 

allowing a narrow beam of rays about 0-75 mm. diameter to fall 
on the crystal, Kr, which is adjusted on a goniometer. The 
screen, S, and the box, K, are made of lead. The photographic 
plates were placed in positions — Pg and treated to a very 
long exposure. 

The results obtained from sections of zinc blende, ZnS, parallel 
respectively to the cube and octahedral planes, are reproduced 



Fig. 75. 


in Figs. 76 and 77, The symmetry in the first figure consists 
of four pianos intersecting at angles of 45°, and an axis of four- 
fold symmetry. In the second figure there are three planes of 
symmetry intersecting at 120°, and a three-fold axis. Now this 
symmetry is precisely that which a cubic lattice would exhibit 
when viewed perpendicularly to a cube and an octahedral face 
respectively, and the photographs undoubtedly reveal the space 
lattice nature of the structure. 

W. L. Bragg's Theoretical Interpretation , — The above results 
are simply explained by W. L. Bragg ^ as an interference effect 

^ Friedrich, Knipping and Lauo, Sitzungsher, Bayer, Akad, 1912, 

303; Ann. Phyaik, 1913, [iv], 41, 971. 

* W. L. Bragg, Proc. Camb. Phil. Soe., 1913, 17, 43. 
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of trains of waves, reflected from successive layers of particles. 
A consideration of the effects observed when a beam of mono- 
chromatic light is allowed to fall on a pile of excessively thin 


plates will help the explanation. The light is partly reflected 
at the various parallel surfaces (only two of which are shown in 
trace in Fig. 78). If now the light be allowed to graze the surface 
and the angle of grazing incidence, 0, be gradually increased, 


the intensity of the reflected beam will acquire successive maxima 
at certain definite angles, which obey the series of equations, 
X=^2d sin 0^, 2\ = 2d sin = 2d sin . . . or, in general, 
nX=^2dsm0 . . . where X is the wave-length of light, and d the 
common thickness of the individual plates. The mechanism of 
the first of this series of intense reflections (at the angle 0j) is 
illustrated by Fig. 78. Two waves, A and B, initially in the 
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same, 'phase, are disposed so that their reflections, at the first 
and second surfaces respectively, ultimately pass along the same 
direction FC, As the two waves are initially in the same phase 
at D and E, it is clear that any eventual phase-difference will be 
measured by the difference of path, EF — DF, If, as in Fig. 78, 
this difference happens to be equal to X (or to 2\, 3\ . . . w\) then 
the waves travelling along FC will be in the same phase, and will 
unite to form a single wave of increased amplitude. Geometrical 
considerations show that these conditions are expressed by the 
above equations. A new set of plates of a different thickness 
(or a change of wave-length of the light employed) would, of 
course, involve intense reflections at a new set of angles. 



The application of the above principle to the interpretation 
of the Laue-radiogram is quite straightforward. The “ pile of 
])lates ’’ lies close to hand in a crystal, the particles being laid 
down in parallel layers at equal distances. AT-Eays are electro- 
magnetic waves of very short wave-length. The incident pencil 
of X-rays largely traverses the crystal unchanged, giving rise 
to the central spo.t of the photograph (cf. Fig. 79), but part of 
the energy is cumulatively reflected at a series of inteimal struc- 
tural layers (owing to a proper coincidence of the three variables 
Xy d, and 0) and gives rise to a secondary spot ; another set of 
structural layers (see Fig. 80) gives rise to another spot, and so 
on, the number of spots being limited by the stringent conditions 
subsisting between d, and 0. 

The X-Ray Spectrometer , — The above explanation made it 
advisable to arrange the crystals so that the X-rays dp not 
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impinge at normal incidence as in Lane’s experiments, but at 
small angles of grazing incidence. The general conditions of 
Fig. 78 are thereby exactly simulated, the problem being simpli- 
fied to a study of a single set of structural layers (those parallel 
to the crystal surface). An apparatus was especially devised 
for this purpose by W. H. Bragg. This X-ray Spectrometer 
is essentially a goniometer in which the telescope is replaced by 
an “ ionisation chamber,” the office of which is to absorb the 
reflected X-rays and allow of an accurate determination of their 
strength by an electrical method. A representative series of 
crystals (including substances of such complexity as potassium 
ferrocyanide and sodium ammonium tartrate) was tested and 
found to behave in the same way. Any crystal surface gives a 
series (2, 3, or even 4) of intense reflections at angles which are 
related to each other by the fundamental equations, each series 
of angles being of course characteristic of the substance, since 
the “ grating distance ” d has a specific value in every case. , 
The same is also true for different faces of the same substance, 
on the same structural grounds. 

The X-ray spectrometer also allows of the proof that the wave- 
length of X-rays depends on the metal used as their source (anti- 
cathode). The regular march in wave-length of this character- 
istic radiation has been thoroughly explored by Moseley with 
results of supreme theoretical importance (see p. 72). 

1 17 The Structure of Rock Salt and Sylvine . — These two sub- 
stances (the chlorides of sodium and potassium respectively) are 
so similar in all their crystallographic properties that a determin- 
ation of one structure implies a knowledge of the other. The first 
intense X-ray reflections from the cube, dodecahedron, and octa- 
hedron faces of sylvine occur at the angles 5® 13', 7"^ 18', and 9® 3' 
respectively (Palladium X-rays), Further, as the fundamental 
equation, \=^ 2d sin 0 can be transformed into the form d [2 
sin 6, we have : d (cube) : d (dodec.) ; d (octah.) == X/2 sin 5® 13' : 
X/2 sin 7° 18' : X/2 sin 9° 3', and as the term X/2 cancels through- 
out, we are finally left with 1/sin 5° 13' : 1/sin 7° 18' : 1/sin 9"" 3', 
which by evaluation gives the ratios 1/1 : l/v ^2 : l/v^3. Now 
we have previously seen (p. 214) that these values are demanded 
by the structure of Figs. 71 and 72 ; and as they are not recom- 
cilable with any other conceivable structure, it follows that this 
structure is, indeed, that of potassium chloride. 

There now remains the question as to the nature of the 
struc^iural particles that are distributed in this regular cubical 
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way throughout the crystal. No information on this point is 
afforded by the actual angles at which the intense reflections 
occur, such angles merely serving to elucidate the geometrical 
side of the problem, but not its physical or chemical aspect. 
In the case of an element, necessarily consisting of like atoms, 
the problem is fundamentally simpler, being purely geometrical ; 
but in the case of a compound like sylvine the structural particles 
revealed by Z-rays may either be molecules or alternately atoms 
of potassium and atoms of chlorine (as is represented, for example, 
by Fig. 81). The solution of this part of the problem is to be 
sought in a general examination of the properties of Jf-rays. As 
long ago as 1908 it was discovered by Barkla and Sadler ^ that 
whenever a metal is struck by X-rays, new rays are given off 




having a characteristic penetrative power; and it was sub- 
sequently shown by others that this characteristic radiation is 
independent of the circumstance whether the metal is or is not 
in a state of chemical combination. This independent behaviour 
of atoms (as opposed to molecules) suggests that the “ structural 
particles of sylvine (as revealed by X-rays) are, indeed, the 
individual atoms alternately arranged as in Fig. 81. This 
interpretation is supported by other evidence. The examination 
of Fig. 81 will show that each cube and dodecahedral plane con- 
tains potassium and chlorine atoms in equal amounts (granted 
that the structure is indefinitely extended), but the octahedral 
layers are alternately wholly potassium and wholly chlorine (as 
shown in Fig. 82). A similar singularity will necessarily hold 
for the octahedral plane of rock salt, but any resulting X-ray 

1 PAi7. Mag., 1908, [6], 16, 550. 
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effect in tliis case might be expected to be greater, since the 
difference in atomic weight of sodium and chlorine is much 
greater than that between potassium and chlorine. As a matter 
of fact, experiment reveals something of the nature of an irregu- 
larity in the intensity of the various reflections from the octahedral 
plane of rock salt, which could not be easily interpreted if the 
structural layers consisted of similar molecules. 

CaJcuhiim of Absolute Atomic Distances, — The elucidation of 
the rock salt (or sylvine) structure by W. L. Bragg first made it 
possible to calculate both the absolute distances between atomic 
centres in a crystal, as also the wave-length of any given kind of 
X-rays. The calculation involves a knowledge of the mass of 
an atom of hydrogen (estimated by other methods to be 1*64 x 
gni.), the molecular weight of sodium chloride (say, 58*5) 
and the specific gravity of rock salt (say 2*15).^ Since the 
structure of rock salt is the close-packed stack of cubic shells of 
Fig. 69 alternately containing atoms of sodium and atoms of 
chlorine, it follows that the average mass of matter associated 
with each shell is half the mass of a molecule of sodium chloride, 
i, e, (58*5/2)L64 X lO'^^ = 47-97 X gm. Now we can 
obtain another expression for this average mass, for the edge 
length of each shell is equal to d, the distance between consecutive 
cube layers of Fig. 81, and its volmne is therefore d^. Further, 
as 1 c.c. of rock salt contains 2-15 gm. of material, it follows that 
d^ c.c. contains 2-15 d^ gram. Equating this to 47-97 X 10“^^ 
obtained above, and extracting the cube root, we obtain, d == 
2*814 X 10"® cm. — or, as generally stated, 2-814 A.U. (where 
A.U. signifies “ Angstrom unit,” 10”® cm.). 

Rock Salt as a Standard . — The distance between consecutive 
cube layers in rock salt has been generally adopted as a standaid 
in all determinations of X-ray wave-lengths or of atomic distances 
in crystals. Thus, if it be required to determine the wave-length 
of the rays emitted by a rhodium anticathode, it is only neces- 
sary to determine the first angle of intense reflection, 6, from the 
cube face of rock salt, and evaluate the equation \ = 2d sin 0 
(where d ~ 2-814 A.U.). Then, if it be required to know the 
structural distance, d, characteristic of the cleavage plane of 
calcite, a determination of the special glancing angle, with 
Rh-rays allows of an evaluation of the equation X = 2d sin 6 

^ Slightly different values were adopted by Moseley (Phtl. Mag., 1913, 
28, 1027), namely, 1*65 (actually cited in the form of the quotient 10/6*05), 
58*46, and 2*167, but the small diiTerences happen to cancel each other, the 
result being a value which is identical with that of Bragg. 
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for the term d. The technique of such comparative deter- 
minations has been greatly improved by Siegbahn,! who gives 
the values d = 3’029 and 8-408 A.U. respectively for the cleavage 
planes of calcite and potassium ferrocyanide. The abnormally 
high value in the latter case is of course in harmony with the 
extraordinarily perfect character of the cleavage. 

The Powder Method oj Eoperimentaiion. — The fact that any 
beam of JY-rays is only intensely reflected from the structural 
layers of a crystal when it meets them at a proper angle, has 
been ingeniously api)lied by Debye and Scherrer and by Hull 
independently ^ to substances which cannot be obtained in large 
crystals. In any fine grained crystalline material there must 
always be a number of minute crystals which happen to be 
correctly orientated, and this fraction of the whole will therefore 
behave as a single crystal, the remainder of the minute crystals 
being inactive so far as reflection is concerned. The method has 
made it possible to determine the structure of many crystalline 
elements. It has also been recently worked in conjunction with 
the AC-ray spectrometer in the investigation of derivatives of 
benzene and naphthalene.^ 

ii8 Some Results of the X-Ray Method, — The structures of 
about 70 elementary and compound substances have already 
been elucidated by the AT-ray method, some of which are of a 
somewhat complicated nature and difficult to follow in absence 
of a model, but the majority are quite simple. A representative 
selection of the latter will now be described with a view to show- 
ing how far the new method is able to illuminate the innermost 
recesses of a crystal. 

The Siniciure of the Alkali Halides.— Although all these sub- 
stances (as well as the closely allied ammonium salts) crystallise 
in the cubic system, they have long been known to exhibit certain 
dissimilarities, ^lointing to corresponding differences of structure. 
Consideration of molecular volume, for example, had led to a 
division into two groups,^ one consisting of the caesium salts 
and ammonium chloride and bromide, the other containing 
ammonium iodide and the salts of sodium, potassium, and rubid- 
ium. Recent X-my work ® has confirmed these anticipations, 
Phil. Mag., 1919, 37, 001. 

* For a full account consult Annual Report Chem, Soc., 1919, 199. 

» (Sir W. H.) Bragg, Proc. Phya, Soc., 1921, 34, 33. 

* Barker, Min, Mag., 1907, 14, 236, 

* W. If. and W. L. Bragg, X‘Raya and Crystal Structure ; Bartlett and 
Langmuir, J, Amer, Chcm, Soc,, 1921, 43, 84; Bavey and Wick, Phys. fewew, 
1921, 18, 102. 
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and shown that the fluorides of lithium, sodium, and potassium 
belong to the larger group, typified by rock salt or sylvine. 
The structure of the smaller group, containing ammonium chloride, 
is that shown in Figs. 83 and 84. The positions of the hydrogen 
atoms cannot be determined on account of their low resistance 
to A'-rays, but the NH 4 groups as a whole can be accurately 
placed. Each lies at the centre of a small cube at the eight 
corners of which are located chlorine atoms (as shown in Fig. 83). 
A more general view of the structure is given by Fig. 84. It is 
seen that the ammonium groups on the one hand, and the halogen 
atoms on the other, are arranged according to the simple cubic 
design of Fig. 71, and that the two lattices interpenetrate each 
other so that the particles of one lie at the cell-centres of the other. 



Dimorphism in the Cubic System . — It has long been recog- 
nised that the simple geometrical form of a cube may cloak a 
large number of distinct structures, hence the possibility arises 
that a substance may exist in two modifications, both cubic in 
form but different in structure, specific gravity, refractive index, 
and so on. Such a case is represented by ammonium chloride, 
for Lehmann ^ was able to obtain a second cubic modification 
from aqueous solution under certain well defined conditions. 
This existence in two cubic modifications has been recently 
confirmed by the A-ray method,^ for it has been found that both 
ammonium chloride and bromide adopt the rock salt structure 
at high temperatures, the transformation being accompanied by a 
considerable expansion. This would seem to indicate that all the 

^ Ijehinann, Zeit, Kryst. Mtn.^ 1885, 10, 321, 328. 

' * Bartlett and Langmuir, J. Amer. Chem. Soc., 1921, 43 , 84. 
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alkali halides are potentially capable of existence in both struc- 
tures, the rock salt structure being no doubt favoured by high 
temperatures and the ammonium chloride structure (as being the 
denser of the two) by high pressures. 

1 19 The Structure of Some Elements ". — The powder method 
of X-ray analysis has been particularly successfully applied 
(especially by Hull) to the study 
of the elements, many of which 
have long been known to 
crystallise in the cubic or hexa- 
gonal system. Lithium, sodium, 
chromium, iron, nickel, molyb- 
denum, tantalum, and tungsten 
all adopt the structure repre- 
sented by the ammonium 
chloride type of structure, Le., 
the structure represented by 
Figs. 83 and 84, in which both 
NH 4 -groups and chlorine atoms 
have been replaced by metallic atoms. This arrangement is 
one of the fourteen structures foreseen by Bravais and termed 
by him the “ centred cube lattice.’’ Another of Bravais’ 
structures (the face-centred lattice ”) is now known to be 



Eia. 86. Fig. 87. 


adopted by aluminium, calcium, cobalt, nickel, copper, rhodium, 
palladium, silver, cerium, iridium, platinum, gold, lead, and 
thorium. This structure is represented by Fig. 85. A com- 
parison with Fig. 81 will show that it is simply the rock salt 
(or sylvine) structure in which, as it were, all the halogen atoms 
have been eliminated. Now the residual metallic atoms, if 
represented by relatively larger spheres than those of Fig. 85, 
present the arrangement shown in Figs. 8G and 87. The Jatter 
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jBgure is designed to reveal the structure of an octahedral layer. 
It is seen that the spheres are as close packed as possible, each 
sphere touching six of its neighbours. This is true of all the 
octahedral strata : moreover, the various layers fit on each other 
as closely as possible, so that the structure as a whole is the most 
closely packed system possible. 

The way in which one (octahedral) layer of spheres rests in a 
set of cavities provided by the layer beneath, is shown in Fig. 88, 
but a glance at Fig. 89 will show that an upper layer can alter- 
natively be fitted into a second set of cavities (the two sets of 
cavities are numbered 1 and 2 in the drawings). Similarly, there 
are alternative ways in which a third layer can be fitted on the 
second (and so on), for the cavities in any layer are twice as 
numerous as the spheres that can be accommodated. It must 




now be observed that from the point of view of the principle of 
close-packing it does not matter how these layers are fitted on 
each other, but in a crystal the successive arrangement of the 
layers is by no means fortuitous. In the structure of Figs. 86 
and 87 the layers adopt an arrangement by which the 4th comes 
vertically above the 1st, the 5th above the 2nd, and so on. A 
simpler type of repetition would be that in which the 3rd is above 
the 1st, the 4th above the 2nd; and it may be mentioned that 
this strictly alternating type of closest-packed structure is 
actually presented by magnesium, titanium, cobalt, zinc, zir- 
conium, ruthenium, cadmium, cerium, and osmium, which 
present one and the same form and crystallise in the hexagonal 
system. 

Another fairly simple type of structure is that presented by 
carbon (the diamond), silicon, and white tin, all belonging to the 
fourth group of the periodic classification. Each atom is tetra- 
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hedrally surrounded by four other atoms. The structure is 
interesting as belonging to a type which, although not provided 
for by Bravais, was foreseen by later contributors to the theory 
of crystal structure. 

Dimorphous Elements . — The JY-ray method has already been 
successfully applied to the investigation of elements which have 
long been known to exist in two crystalline forms (a notable 
example is afforded by the diamond and graphite). But it has 
gone a step further by proving that certain other elements, 
hitherto unsuspected of dimorphism, really exist in two forms, 
the relative amounts in any given specimen depending on the 
circumstance whether the metal has been hammered, tempered, 
annealed and so on. Cobalt, nickel, and cerium are examples. 
It therefore seems probable that the X-ray method will have a 
wide field of application in metallurgical problems.^ 


CHEMICAL CRYSTALLOGRAPftY. 

120 The study of the correlation of chemical composition with 
crystalline form and structure is a subject of great interest, and 
is termed chemical crystallography. Any change in the arrange- 
ment of the atoms in the molecule (isomerism) is found to lead 
to a profound difference in the form of the crystals ; more than 
this, under different conditions of temperature and pressure one 
and the same compound may crystallise in entirely different 
forms (polymorphism). These two facts go far to prove that 
the crystalline form is a highly constitutive property, and is a 
direct outcome of the forces mutually operative between the 
various atoms in the molecule. This deduction is confirmed by 
the observation that the closer the chemical similarity of two 
given compounds, the more striking is the similarity of crystal- 
line form : optical antipodes crystallise in enantiomorphous 
forms, and substances of very similar composition and con- 
stitution generally yield “ isomorphous ’’ crystals (see p. 230).^ 

Enantiomorphism of Molecule and of Crystalline Form . — 
Although it had long been recognised that optical activity is 

1 Andrews, Phys. Jtevtew, 1921, 18, 245. 

* For further information on this subject, see Fock, An Introduction to 
Chemical Crystallography f translated by W. J. Pope (Oxford, Clarendon Press, 
1895); Groth, Einleitung tn die chemische Krystallographte (Leipzig, Engel- 
niann, 1904); English translation by H. Marshall (Gurney, 1906); also 
Tutton, Crystallography and Practical Crystal Measurement (Macmillan, 1922). 
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the result of a certain asymmetry of arrangement, the greatest 
discovery of all was reserved for Pasteur, who in the year 1848 
showed that substances endowed with optical activity in solution 
crystallise in enantiomorphous forms. He also recognised that 
in such cases the seat of the optical activity lies in the unsym- 
metrical character of the atomic groupings in the chemical 
molecule. On allowing the sodium ammonium salt of racemic 
acid to crystallise, the two kinds of crystals of Figs. 90 and 91 
were deposited, which could be distinguished by means of the 
heraihedral facets f and p', and separated from each other. 
On dissolving in water, the two kinds of crystals gave oppositely 
active solutions, from one of which Pasteur obtained ordinary 
d-tartaric acid, but from the other a new acid — Z-tartaric acid. 

It was suggested by Pasteur that the atomic grouping is of a 




spiral or, perhaps, tetrahedral character. The latter idea may 
have been suggested to him by the fact that the hemihedral 
facets of Figs. 90 and 91, when extended in space, form the 
tetrahedra of Figs. 92 and 93, one of which is the non-super- 
posable mirror image of the other. 

Somewhat later, by giving a spacial extension to the Kekule 
hypothesis of quadrivalent carbon, it was pointed out by van’t 
Hoff and Le liel independently that the enantiomorphous 
character of the molecular configuration of tartaric acid, as well 
as that of many other optically active organic compounds, is due 
to the presence of one or more “ asymmetric ’’ carbon atoms, i,e,y 
atoms directly combined to four dissimilar groups. Further, 
the asymmetric carbon atom may be supposed to be placed at 
the centre of a tetrahedron, the four groups being at the corners. 
Subsequently, optically active compounds containing selenium, 
tin, sulphur, phosphorus, and nitrogen united to different groups 
have, been obtained, and there has been a disposition to ascribe 
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the activity to the presence of the asymmetric atoms. A more 
satisfactory view, however, is to ascribe the activity to the 
enantiomorphous configuration of the molecule as a whole. 
Optically active compounds have been prepared by Werner' 
which, perhaps, do not contain an asymmetric atom, e.g., 
potassium chromium oxalate, K 3 Cr(C 204 ) 3 ,Il 20 ; the atomic 
configuration, however, is of such a character that it is non- 
superposable on its mirror image. 

The true test for enantiomorphism of molecular structure is 
not the presence or absence of any particular atom united to 
dissimilar groups, but the absence of plane, centre, and alter- 
nating axes of symmetry in the molecule as a whole, the presence 
of any one of these elements of symmetry being sufficient to 
cause identity of the molecule with its mirror image. For 
example, 1 : 4-diketo-2 : 5-dimethylpiperazine ^ exists in two 
forms, m- and trans - : — 


CII3 CH3 

l/Nfl-CO. 1 

c( >C 

' ^CO— NH-^ 1 


H 


H 


CH, 


H 


I /NH-CO.- 
(j/ \ 

I'^CO— NH^ 


0 


H 


CH, 


irans. 


Now the C 2 5-form only possesses a two-fold axis and has 
therefore a non-superposable mirror image ; but the (rans-iorm, 
although devoid of a plane of symmetry, has a centre of symmetry, 
since a line passing through the centre of the ring meets similar 
groups or atoms at the two ends (the carbonyl oxygen and the 
imido-nitrogen being in the plane of the ring). The former 
may therefore exist in two optically active forms, the latter does 
not. 

The numerical values of all properties of antipodal crystals 
are identical ; thus, the specific gravity, molecular volume, and 
refractive indices are the same, as well as the angles and the 
parametral ratios ; and it is only by means of such properties as 
pyro-electricity, the sign of the rotatory power, the develop- 
ment of hemihedral facets, and the orientation of etched figures 
that the crystals can be distinguished. 

Racemic substances, or compounds of the two antipodes in equal 
molecular proportions, do not bear a very close crystallographic 
relationship to the antipodes themselves. 

> Ber„ 1912, 46, 30fil. * Fischer, Ber., 1906, 39 , 467. 3981. 




230 


CRYSTALLOGRAPHY. 


Pseudo-racemic compounds have practically the same para- 
meters as the pure antipodes, and are to be looked upon as mixed 
crystals or intimate intercalations of active material of the two 
kinds (see p. 206). 

1 21 Isomorphism, — Haiiy’s second principle, that identity of 
crystalline form implies identity of composition, was soon found 
to be inconsistent with facts. As long ago as 1781, Leblanc 
had shown that crystals of an identical form could be obtained 
from solutions containing sulphate of copper and sulphate of 
iron mixed in very different proportions. He likewise states 
that crystals of alum, a sulphate of aluminium and potassium, 
may frequently be found to contain a considerable quantity 
of iron, although no alteration in the crystalline form can be 
noticed. Vauquelin, too, showed in 1797 that common potash 
alum may contain large quantities of ammonium, and yet the 
crystalline form of the substance does not undergo any change. 
It is well known also that many minerals which are identical 
in crystalline form may possess a very different chemical 
composition. Thus the common garnet, crystallising in the cubic 
system, sometimes contains much iron and little aluminium 
and sometimes large quantities of aluminium and little iron. 
Berthollet considered facts like these to be in accordance with 
his views on chemical combination, but Proust explained them 
by supposing that we have here to deal, not with chemical 
compounds, but rather with mechanical mixtures. 

In the year 1816, Gay-Lussac made the remarkable observa- 
tion that when a crystal of common potash alum is suspended 
in a saturated solution of ammonia alum it grows exactly as if 
it had been placed in the solution from which it was originally 
obtained. From this fact he drew the conclusion that the 
molecules of these two alums possess the same form. Later on, 
in 1819, Beudant noticed that if solutions containing two of the 
following salts, sulphate of zinc, sulphate of iron, or sulphate of 
copper, are crystallised, the deposited crystals always possess 
the form of one of these salts, although they contain a con- 
siderable quantity of the other salt, which, when crystallised by 
itself, possesses a totally different form. 

In order to explain these and similar well-recognised facts 
Haiiy supposed that certain substances possess the power of 
crystallisation to such a degree that even when present in small 
quantities they compel other substances to adopt their crystalline 
form. 




CHEMICAL CRYSTALLOGRAPHY. 


231 


Clear light was thrown on this subject by the researches of 
Mitscherlich, published in 1819. Mitscherlich showed that the 
compounds of various elements possessing a similar composition 
have also identical crystalline form, as ascertained by the 
measurement of their angles. The first substances examined 
by Mitscherlich were the arsenates and phosphates of sodium, 
potassium, and ammonium. He showed not only that the crystals 
of the phosphate and arsenate of the same metal contain the 
same amount of water of crystallisation, and crystallise in the 
same form, but also that when the two salts are mixed in varying 
quantities the crystals which such solutions deposit are of the 
same form as those obtained from solutions of the pure salts, 
whilst the proportions of the ingredients in the crystal vary 
according to their proportions in the solution. Hence Mitscher- 
lich concluded that analogous elements or groups of elements 
can replace one another in compounds without any alteration of 
crystalline form. Such substances are said to be isomorphoufi 
equal, popcpt], shape). Many other compounds were 
shown by Mitscherlich to conform to the above law. 

Mitscherlich was at first of the opinion that the geometrical 
similarity of isomorphous substances is complete, that is, that 
they have absolutely the same angles. He was not aware of 
the work of Wollaston,^ who some seven years previously had 
measured very carefully the rhoinbohedral cleavage angle of the 
following naturally occurring carbonates and obtained the 
values: — calcite, CaCOg = 74"^ 55'; dolomite, CaMg(C 03)2 = 
73° 45' ; and spathic iron ore, FeCOg = 73° O'. All subsequent 
measurements have confirmed these values, and they are the 
ones actually accepted at the present day. After obtaining a 
Wollaston goniometer, Mitscherlich found that isomorphous 
substances are not identical, but merely very similar, in angles. 
All subsequent work has confirmed this view, except, of course, 
in the case of cubic substances, the angles of which are constant 
for all, being, in fact, determined by the symmetry. 

122 The Relation of Isomorphism to Chemical Constitution , — 
The necessity for a similar arrangement of atoms in the molecules 
of isomorphous compounds was appreciated by Mitscherlich, 
but its full importance became apparent only after the develop- 
ment of the structure theory — a product of organic chemistry 
which was subsequently applied to inorganic substances. It 
was recognised that isomorphous substances have a similar 
1 Phi, Trans,, 1812, 102, 159. 
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atomic arrangement : for example, the constitutional formula) of 
potassium sulphate and selenate are completely analogous. 
The formulation of the periodic classification provided a further 
stimulus to the study of isomorphism. It now became evident 
that in most simple isomorphous compounds the replaceable 
elements belong to the same sub-group of Mendeleev’s arrange- 
ment, e.gr., potassium, rubidium, and caesium; chlorine, bromine, 
and iodine ; iron, nickel, and cobalt. In the more complicated 
compounds, however, especially in the large class of double salts, 
a considerably greater degree of freedom exists : elements which 
are not in the same sub-group of the periodic classification 
can replace each other isomorphoiisly, provided that the degree 
of oxidation (valency) is the same, c.jr., the metals copper, zinc, 
cadmimn, manganese, iron, nickel, and cobalt are capable of 
isomorphously replacing the metal magnesium in rubidium 
magnesium sulphate (see p. 26). 

The very striking similarity of calcite and sodium nitrate 
has long been known, but as a direct result of the development 
of the structure theory in chemistry there has been a tendency 
to dispute the isomorphism on account of the dissimilarity of 
constitution when the two compounds are formulated on the 
conventional lines of valency, viz., 

0 = C<Q>Ca 2>N - 0- Na. 

It has, however, been pointed out ^ that this case is by no means 
isolated, for there are many other isomorphous series of com- 
pounds which present similar peculiar features of chemical 


constitution. The following four series will serve as 
illustrations : 

Tetragonal System. 

Potassium periodate (Fig. 35, p. 1D2) . KIO4 . o ; c ~ 1 : 1 5534. 

Schcclite (calcium tungstate) . . . CaWO^ = 1 : 1*5208. 

Potassium osmiamato KOsOgN = 1 : 1-0319. 

Bhombic System. 

Potassium perchlorate (Fig. 47, p. 199) KCIO4 . a : 6 : c = 0-7817 : 1 : 1 2702. 

Barytes (barium sulphate) .... Ba8()4 -- 0-8152 ; 1 ; 1-3130. 

Potassium borofluonde KBF4 . = 0-7898; 1 : 1-2830. 

Bhombfe System. 

Potassium sulphate (Fig. 44, p. 198) . K2SO4 . a :b: c ~ 0-5727 : 1 ; 0-7418. 

Potassium glucinum fluoride . . . K^Bei^ = 0 5708 ; 1 : 0-7395. 

Tetragonal System. 

Xenotimo YPO4 . a : c ~ 1 : 0-0177. 

Zircon (Fig. 48, p. 199) ZrSiOi = 1:0 640. 

Cassiterite or tinstone . . . SnO, or SnSn04 « 1 : 0-6726. 


^ Barker, Joum, Chem, Soc,, 1912, 101, 2484. 
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It will be seen that although in each series there is a complete 
analogy of composition with respect to the total number of the 
atoms in the molecule, yet the constitutions as ordinarily accepted 
arc quite different. A possible explanation appears to be that the 
theory of co-ordination advanced by Werner is applicable to the 
compounds enumerated, a view which derives a considerable 
amount of support from recent X-ray work, for the positions of 
the various atoms are now known in crystals of calcite and 
sodium nitrate. In neither case is there any distinction in the 
positions of the various oxygen atoms, which affect a sym- 
metrical grouping round the carbon or nitrogen atoms, as the 
case may be. Moreover, the metallic atoms are relatively 
remote, so that the constitution of the crystals must be written 
Ca[C03] and Na[N03] respectively. It will be observed that the 
latter formula expresses the ionic condition of sodium nitrate 
in an aqueous solution, and it has therefore been suggested that 
a crystal of any electrolyte may really be built up of positive 
and negative ions instead of neutral molecules. Tubandt's^ 
researches on electrolytic conductivity are significant in this 
connexion : the observation that the cubic form of silver iodide, 
at a temperature close to the melting point, has a higher specific 
conductivity than the fused vsubstance suggests that the cubic 
form is largely if not completely ionised. 

123 Mutual Affinities of Isomorplious Substances , — It has 
been mentioned that all cubic substances are isomorphous in the 
literal sense of the word, but to designate substances like alum 
and potassium platinichloride isomorphous, merely because 
tlicy both crystallise in regular octahedra, w^ould be entirely 
misleading. On this account the term isomorphism has long 
been restricted to those substances whose similarity of form is 
unquestionably due to a far-reaching similarity of internal 
structure, which is in turn the result of a close correspondence of 
atomic and molecular constitution. Owing to the similarity of 
structure, isomorphous compounds in this narrow sense are 
endowed with very special properties : (1) they form mixed 
crystals or isomorphous mixtures in variable proportions ; 
(2) they are capable of forming regular overgrowrths or “ parallel 
growths ” on each other ; (3) a crystal fragment, when introduced 
into a supersaturated solution of another substance isomorphous 
with it, immediately relieves the supersaturation and causes a 


' Zeif. Elekirochem,, 1920, 26, 360. 
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copious separation of crystals.^ These three properties liave 
been employed to test the character of the isomorphism in 
suspected cases, but recent investigations have proved that 
pairs of admittedly isomorphous substances fail to respond to 
the three tests when the molecular volumes are not sufficiently 
close in value. 

Isomorphous Mixtures.— The properties of isomorphous mix- 
tures are a continuous function of the percentage composition 
(Retgers), and in many cases this function is practically linear; 
so that the values of a property of the mixture can be very 
simply calculated. Many isomorphous substances, however, are 
not miscible in every proportion, each being capable of taking 
up only a limited amount of the other; others, again, do not 
mix at all. Thus, according to Wulff,^ ammonium sulphate 
(molecular volume = 74*63) mixes in all proportions with 
rubidium sulphate (73*77), and also completely with potassium 
sulphate (65*33) and with caesium sulphate (85*17). Potass- 
ium and caesium sulphates, however, are completely immiscible. 

Parallel Groirihs. — This subject has been especially studied 
by Barker,® who in addition to observations on many other 
substances has found that potassium and caesium sulphates 
yield quite irregular deposits on each other, whilst all other 
possible pairs of the sulphates mentioned above always give 
parallel growths. 

Relief of Supersatnration. — Our knowledge concerning the 
state of supersaturation has been greatly enlarged by the work 
of Miers and Isaac, ^ who from observations of the change of 
refractive index of a cooling, supersaturated solution have 
arrived at the conclusion that there are two states of super- 
saturation, viz., the metastable and the labile states. A solution 
in the metastable condition, although supersaturated, is not 
capable of crystallising spontaneously (i.e., unless inoculated 
with a crystal of the solute), no matter how violently it is agitated. 
If the solution is protected from the introduction of crystal 
nuclei from outside, it will on further cooling pass into the labile 

^ Gemez, Compt. rend., 1865, 833, 1027; 1866, 63, 843; Lecoq 

de Boisbaudran, Ann. Chim. Phys., 1866, [4], 9, 173; Thomson, Joum. 
Chem. 8oc., 1879, 35, 196; Thomson and Bloxam, tbid., 1882, 41, 379. 

* Wulff, Zett. Krysi. Min., 1906, 42, 558. 

* Barker, Joum. Chem. Soe., 1906, 69, 1120; Min. Mag., 1907, 14, 235; 
1908, 15, 42. 

* Miers and Isaac, Joum. Chem. 8oc., 1906, 69, 413; Isaac, ibid., 1908, 93, 

384. , 
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condition and crystallise spontaneously. A sudden shower of 
crystals then appears, the shower being preceded by a sudden 
fall in the value of the refractive index of the solution (p. 130). 

Miers and Chevalier have found that calcite (molecular volume 
= 36*8) induces crystallisation in a metastable solution of 
sodium nitrate (37’8), whilst the remaining rhombohedral 
carbonates (see below), with molecular volumes ranging between 
28*2 and 31*0, have no action. 

Isomorphous Mixtures in Minerals . — Cases of isomorphous 
mixtures are very common among minerals, and the following 
serve as an excellent illustration of isomorphous replacement : 

Apatite (Fig. 36) . . . Ca5F(P04)3 

Pyromorphite .... Pb5Cl(P04)3 

Mimetite Pb5Cl(As04)3 

Vanadinite Pb3Cl(V04)3. 

The isomorphously replaceable chemical elements in these 
minerals are : 

(1) Phosphorus, Arsenic, Vanadium; (2) Calcium and Lead; 
(3) Chlorine and Fluorine. Not infrequently both chlorine and 
fluorine occur in the same specimen of apatite, and phosphorus 
and arsenic often replace one another in pyromorphite. 

Another well marked case is that of the rhombohedral carbon- 
ates of the metals calcium, magnesium, iron, zinc, and manganese. 
These minerals all crystallise in similar rhombohedra, the values 
of the rhombohedral angle between cleavage planes being : 

Calcium carbonate, or calcite, CaC03 . . . 74® 55' 

Magnesium carbonate, or magnesite, MgC03 . 72® 35' 

Ferrous carbonate, or spathic iron ore, FeC03 . 73® 0' 

Zinc carbonate, or calamine, ZnC03 . . . 72® 20' 

Manganese carbonate, or rhodochrosite, MnCOa 73® 55'. 

The various metals enumerated can replace each other in 
varying proportions, as is well illustrated by the following 
percentage analysis of spathic iron ore : 

Ferrous oxide, FeO 45*55 

Manganese oxide, MnO 12*50 

Lime, CaO 1*57 

Magnesia, MgO 1*80 

Carbonic acid, COg 38*58 


100*00 
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If we now divide the percentage of oxide by its combining 
45*55 

weight, thus ^1:34 ferrous oxide, etc., etc., we obtain the 

following numbers representing the proportion between the 
number of equivalents of the several constituents present : 

FeO = 0*6340, MnO = 0*1762, CaO == 0*0280, MgO 0*0446. 

The sum of these amounts (0*8828) is, however, very nearly 
the proportion which must be present in order to unite with 
38*58 

0*8768 equivalent of CO2, the difference being due 

to errors of experiment. In other words, the number of mole- 
cules of the basic oxides present is the same as that of the carbon 
dioxide; hence the formula for the spathic iron ore may be 
written (Fe,Mn,Ca,Mg)C03, signifying that the relative quanti- 
ties of the metals in question present are indeterminate, but are 
in the aggregate such as are needed to combine with COg. Hence 
we have the following as the composition of the mineral : 


Ferrous carbonate, FeCOg 

. . 73-45 

Manganese carbonate, MnCOg . 

. . 20-25 

Calcium carbonate, CaCOg . 

. . 2-80 

Magnesium carbonate, MgCOg . 

. . 3-76 


100-26 


124 Comparison of Isomorphous Substances hij means of Topic 
Axes, — The parametral ratios of a crystal furnish merely the 
relative lengths of the three edges of Ilaiiy’s structural unit, 
the actual lengths themselves remaining unknown. It has 
been ingeniously suggested by Becke ^ that in the case of two 
isomorphous substances the volumes of Haiiy’s units are 
proportional to the molecular volumes, i,e., the molecular weight 
divided by the specific gravity. The volumes and also the ratios 
of the edge-lengths of the units being known, it is a simple matter 
to calculate the edge-lengths themselves; these three lengths 
are termed the tojnc parameters or topic axes, and are denoted 
by the letters When the pile of units is supi^oscd 

to be replaced by molecular points at their centres, so that 
the structure becomes a space lattice, the topic axes then 
represent the distances between contiguous molecules in the 
three principal directions of the structure. 

* Becke, Anzeiger Akad, Wias, Wieni 1893, 30, 304. 
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The following table includes the topic axes of the isomor- 
phous series consisting of the sulphates of potassium, rubidium, 
csosium, and ammonium, which have been very carefully investi- 
gated by Tutton.^ One of the most important results of the 
investigations of this author is that, with regard to the geometrical 
and general physical properties, the rubidium compounds take 
up an intermediate position between the corresponding compounds 
of potassium and caesium. 





Topic Axes. 


Crystallographic axes, a b .c. 

Density 

Mol. 




vol. 

X 

1 

! ^ 

i 

Ci> 



KjSO, . . . 0 5727 : 1 : 0-7418 

2 666 

64-91 ! 

1 

3 8810 i 

i 3 8574 

4-9964 

Kb,SOi . . 0 6723 : 1 : 0 7485 

3 615 

73-34 

4-0304 1 

1 4-0039 ; 

5 2366 

C 8 .SO 4 . . . 0-5712 : 1 : 0-7631 

4 246 

84-58 

4-2187 

! 4-1849 

I 5 5175 

(NH,),S04 . 0-6635 : 1 : 0-7319 

1-772 

74-04 

4-0792 

! 4 0051 

; 5-2020 

1 


It is interesting to note that the effect on the structure of 
the crystal of replacing the potassium atom by the ammonium 
radical, NH4, is almost exactly the same as that produced by 
its substitution by rubidium. 

The values of the topic axes shed some light on the relations 
of the first three salts with respect to miscibility and capacity 
of forming parallel growths. It must be inferred that these 
two properties depend on the possibility of a fitting together 
of the two structures — in no other way does the role played 
by the molecular volume admit of interpretation. The large 
difference between the molecular volumes of the potassium and 
ciesiiim salts leads to correspondingly large differences in the 
values of the topic axes, which, it will be remembered, furnish 
a measure of the relative distances between contiguous molecules 
of the space lattices. Apparently these differences have over- 
stepped the limit of mutual accommodation and the two sub- 
stances will neither mix nor form parallel growths. The limit 
is not exceeded, however, when either the rubidium or the 
ammonium salt is compared with the potassium and caesium 
salts. These considerations illustrate the value of the concep- 
tion of topic axes in comparisons of the members of an iso- 
morphous series— a value which has not been diminished by the 
results of Z-ray work.^ 

^ Seo Tutton, Crystalline Structure and Chemical Constitution (Macmillan, 
1910). 

* Tutton, Proc, Roy. Soc., 1917, [A]t 93i 72. 
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Isodinmphism . — When two substances are isomoiphous with 
one another and one of them is dimorphous, crystallising in 
two distinct forms, it is often found that the second substance is 
also dimorphous, and that each of its two forms corresponds with 
one of the forms of the first substance, a double isomorphism 
being thus exhibited. Such substances are said to be isodinwr- 
phous, and cases of isotrimorphism are also known. The trioxides 
of arsenic and antimony serve as a striking example of iso- 
dimorphism. For a long time these compounds were known to 
occur only in forms which were not isomorphous, and this was 
the more remarkable as their elementary constituents exhibit 
such a close analogy. It was afterwards found that arsenious 
oxide, AsjOj, which usually crystallises in regular octahedra 
(arsenolite), is occasionally met with in rhombic crystals (claudet- 
ite), exactly identical in form with those in which antimonious 
oxide, Sb 40 g, commonly occurs in nature (valentinite). A 
mineral consisting of this latter oxide, and called senarmontite, 
was next discovered. The crystals of this are octahedral, so 
that the isodimorphism of these substances is now completely 
proved, especially since it has been found possible to produce 
the octahedral crystals of antimonious oxide artificially. 



SYSTEMATIC DESCRIPTION OF THE METALS 
AND THEIR DERIVATIVES. 


125 the following systematic description of the metals, 
the latter are classified in groups according to the periodic system, 
each of these groups being further divided into two or more 
sub-groups. The members of each sub-group are described in 
the order of their atomic weight. 


GROUP I. 


Sub-group (a). 

The Alkali Metals. 
Lithium 
Sodium 
Potassium 
Rubidium 
Caesium 


Sub-group (6). 

The Copper Group. 
Copper 
Silver 
Gold 


The metals of this group all form characteristic series of salts 
in which the metal is apparently monovalent, and except in the 
cases of copper and gold this series of salts is by far the most 
important. The division into sub-groups is more sharply defined 
than is usually the case, the metals copper, silver, and gold, 
which, as already pointed out, fall near the centre of the “ double 
periods ’’ (p. 54), showing only a limited resemblance to the 
alkali metals. The resemblance is most prominent in the case 
of the two typical elements, lithium and sodium, the salts of 
which are frequently isomorphous with the corresponding silver 
salts. In the exact classification according to the periodic 
system, sodium belongs to the sub-group (6), for like copper, 
silver, and gold it is a member of one of the “ odd ” periods; 
in its properties, however, it so closely resembles the metals of 
the sub-group {a) that it is described together with these. 
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THE ALKALI METALS. 

126 The above name is given to this group because the two 
most important members, sodium and potassium, are constituents 
of the substances w^hich have been long known by the name of 
alkalis. The name alkali is first found in the works of the 
Latin Geber, and is the name there given to the soluble salt 
obtained by the lixiviation of the ashes of sea-plants. We 
find the same word employed to designate also the carbonate 
of potash obtained by a similar treatment of the ashes of land- 
plants. The difference between the alkalis potash and soda 
was at that time not understood, and in order to distinguish 
them from the carbonate of ammonia, the volatile alkali, they 
were both termed the fixed alkali. The distinction between 
the mild and caustic alkalis had long been known, and the 
mode of converting the former into the latter by boiling their 
solutions with lime w’as a well-recognised process. We have 
seen (Vol. I., p. 16) that Black, in the year 1755, was the first 
to explain this change, as he proved that the mild alkalis contain 
fixed air or carbon dioxide. 

The first clear distinction between the two alkalis, potash 
and soda, appears to have been made by Duhamel in the year 
1736, although Stahl pointed out that the alkali contained in 
common salt is different from that contained in wood-ashes, 
and this difference was indicated by the first being termed the 
mineral and the second the vegetable alkali. Marggraf showed 
in 1759 that the salts of the two alkalis possess totally distinct 
properties, and that w^hilst those of the common alkali tinge the 
flame of a spirit-lamp violet, those containing the base of common 
salt impart a yellow colour to the flame. It was, however, 
pointed out by Klaproth that the vegetable alkali potash \vas 
contained in several minerals, such as leucite ; the special name 
'potash in English, potasse in French, and kali in German, was 
given to this particular alkali. Klaproth suggested for the 
mineral alkali the name natron, in English soda, in French soude. 
These names had formerly been used indiscriminately for any 
alkali. 

Up to the year 1807 the alkalis were considered to be simifle 
substances. Lavoisier had indeed considered that they probably 
contained oxygen, from analogy with other well-known metallic 
oxides, but Davy was the first to isolate the metals. 
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A few years later (1817), the lithium compounds were dis- 
covered by Arfvedson, and in 1860 the two remaining metals, 
rubidium and caesium, were isolated by Bunsen and Kirchhoff. 
Careful search has been made for an alkali metal of higher atomic 
weight than caesium, without result, and it seems probable that 
no such element exists.^ 

The alkali metals are all soft, silvery metals, which may be 
readily fused and volatilised, the melting and boiling points 
becoming lower with increasing atomic weight. The specific 
gravity increases with, but less rapidly than, the atomic weight, 
the atomic volume therefore becoming greater as we ascend the 
series. They are the most strongly electro-positive of the metals, 
their hydroxides being the most powerful bases known ; within 
the group itself the basicity increases with atomic weight, that 
of caesium hydroxide being the greatest. 

The alkali metals form only one series of stable salts, and in 
these they are monovalent ; a few halogen derivatives are known 
in which they have a valency of 3, 5, 7, or even 9, but these 
readily decompose into the free halogens and the monovalent 
halide. With very few exceptions all the salts are soluble in 
water, those of lithium being the least soluble. 

They combine with oxygen to form oxides of the general 
formula M2O, which correspond to the stable salts; these are, 
however, difficult to prepare in the free state, since they combine 
very readily with oxygen, forming higher oxides, and with water, 
forming the characteristic hydroxides MOH, which are produced 
also by the action of the metals on water. 

These metals all unite directly with hydrogen, forming crystal- 
line hydrides, (MH)n, which are decomposed by water. 


LITHIUM, Li = 6*94. At. No. 3. 

127 Lithium was discovered in 1817 by Aug. Arfvedson 
whilst he was working in the laboratory of Berzelius.^ He 
obtained a new alkali, and Berzelius gave to it the name lilliia. 
It was first foimd in several minerals from the iron mines of 
Uto in Sweden, especially petalite and spodumene. 

Lithium is derived from \ideo 9 , stony, as it was then believed 
to be an alkali whose presence was confined to mineral matter 

^ See, e.g,, Baxter, J, Amer, Chem, Soc., 1915, 37, 286; Dennis and 
Wyckoff, Ibid., 1920, 42, 985. 

* Schweigger's Journal, 1817, 22, 93; Ann. Chim, Phys., 1819, 10, 82. 
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in contradistinction to the other alkalis which were found in 
vegetable and animal bodies. Since that time, however, lithium 
has been shown to be very generally distributed throughout the 
animal and vegetable kingdoms, this fact having been first 
ascertained by Bunsen and Kirchhoff in their earliest research 
on spectrum analysis in 1860 (p. 168).^ 

Sources of Lithium. — The most important minerals containing 
this element are triphylite, (LiNa) 3 P 04 + (FeMn) 3 (P 04 ) 2 , or 
(LiNa)(FeMn)P 04 , containing from 1*6 to 3*7 per cent, of lithium ; 
petalite, LiAl^SigOgjg, containing 2-7 to 3-7 per cent, of lithium ; 
lepidolite or lithia-mica, 1-3 to 5*7 per cent.; spodumene or 
triphane, LiAl(Si 03 ) 2 , 3-8 to 6*6 per cent. Smaller quantities 
of lithium, whose presence can be ascertained by the spectroscope, 
are found in a large number of minerals. The water of certain 
mineral springs also contains large quantities of dissolved lithium 
salts. Thus Berzelius ^ in 1822 detected this element in the 
water of Egger-Franzensbad, and in 1825 in the springs at Karls- 
bad and Marienbad. The spectroscope has since shown that 
lithium occurs in most mineral waters, in sea-water, and in that 
of almost every river ® and surface spring. Some mineral springs 
contain lithium in considerable quantity. Thus Bunsen found 
295*2 mgrm. of lithium chloride in one litre of the water of the 
Murspring at Baden-Baden,^ and W. A. Miller ^ found 372 mgrm. 
in one litre from a spring in the Wheal Clifford mine at Redruth 
in Cornwall. 

By the decomposition of rocks containing lithium this metal 
finds its way into the soil. It has been detected in that of the 
Limagne d’Auvergne, and can be traced in the ashes of the 
plants which grow in that district (Truchot).® It is widely 
distributed throughout the vegetable kingdom, occurring in the 
ash of the vine, and in that of many cereals, in sea-weed and in 
tobacco (Bunsen and Kirchhoff). It has been found especially 
in the leaves of many plants, in cacao, coffee, and sugar-cane 
as well as in the residues from the extraction of beet-sugar.*^ 
It appears that lithium salts cannot replace potassium salts in 
plants; indeed, when added in quantity they generally seem to 
act as a poison. In certain plants, however, such as for instance 

1 Phil. Mag., 1860, (4), 20, 97. » Pogg^ Ann., 1826, 4, 246. 

» On Thames Water. A. and F. Duprd. Phil. Mag., 1860, [4], 20, 373. 

« Jahresb., 1861, 1091. » Ch^m. News, 1864, 10, 181. 

• Bet., 1874, 7, 663; C<mvt. rend., 1874, 78, 1022. 

’’ Lippmann, Ber., 1897, 80, 3037. See alao Taohermak, Joum. Chem. Soc., 
1900, Abatr., ii. 236. 
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the Samolus Valerandi, lithium appears to act beneficially, 
inasmuch as the stronger plants contain most lithium. 

From the vegetable world lithium finds its way into the animal 
kingdom; thus Bunsen and Kirchhoff observed its presence 
in the ashes of milk and in human blood and muscular tissue.^ 
Nor is lithium a metal which is confined to terrestrial matter, 
for Bunsen^ detected it in two meteoric masses, one of which 
fell at Juvenas in France on May 15th, 1821, and the other at 
Parnallee in Southern India on February 28th, 1857, and Engel- 
back * found lithium in a meteorite from the Cape. 

128 Extraction of Lithium Salts » — 1 . From petalite and lepi- 
dolite. The first method of extraction, proposed by Berzelius,^ 
consists in fusing the powdered mineral with double its weight 
of lime. On dissolving the fused mass in hydrochloric acid, and 
evaporating with sulphuric acid, the lithium is obtained in solu- 
tion as sulphate, together with some aluminium sulphate and 
gypsum. The first salt is precipitated by addition of chalk, and 
the second by ammonium oxalate. This method was improved 
by Regnault and again much simplified by Troost.® This latter 
chemist fuses the following mixture at a very high temperature 
in a wind furnace : finely powdered lepidolite, 10 parts ; barium 
carbonate, 10 parts; barium sulphate, 5 parts; potassium sul- 
phate, 3 parts. The heavy silicate and sulphate of barium sink 
to the bottom, and a layer of the sulphates of potassium and 
lithium is found at the top of the fused mass. These can be 
extracted by simple lixiviation. The sulphates are then con- 
verted into chlorides by the addition of barium chloride, the 
chlorides evaporated to dryness, and the lithium chloride 
extracted by treatment with a mixture of absolute alcohol and 
ether, or preferably, with pyridine. 

An alternative method for the preparation of lithia from 
lepidolite, described by Schieffelin and Cappon,® is to decompose 
the finely powdered mineral with concentrated sulphuric acid 
by careful ignition at a temperature which is gradually raised 
from 120 ® to 340®. The mass is digested with water, the silica 
removed by filtration, and the aluminium sulphate converted 
into potash alum by the addition of potassium sulphate. A 
portion of the alum separates as crystals on standing, and the 

^ See also Hermann, Pjlnger^s Archiv, 1906, 109, 26. 

* AnnaUfn, 1861, 120, 263. » Pogg, ^nn., 1862, 116, 612. 

* TraxU, 2, 89. » Comft. rend., 1866, 43, 921. 

* J. 8oe. Chem. Ind„ 1908. 27. 649. 
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remainder is removed by the successive addition of calcium 
carbonate and freshly precipitated aluminimn hydroxide; the 
last traces of aluminium are separated by the addition of calcium 
carbonate, the solution being made alkaline by slaked lime. 
The filtrate is concentrated, the calcium salts are precipitated as 
calcium oxalate, and traces of iron and manganese by potassium 
hypochlorite. The solution of lithium sulphate thus obtained 
is separated, and converted into carbonate by treatment with a 
slight excess of potassium carbonate solution. 

2 . For the purpose of extracting lithium salts from triphylite, 
a process proposed by Hugo Muller ^ is the best. This consists 
in dissolving the mineral in hydrochloric acid, oxidising with 
nitric acid, precipitating the phosphoric acid with a ferric salt, 
evaporating to dryness, and extracting with hot water. Chlorides 
of manganese and lithium are thus dissolved. The manganese 
is precipitated by barium sulphide, and the excess of barium 
removed by sulphuric acid. Lithium oxalate is obtained by 
evaporating with oxalic acid, which on ignition gives the carbonate. 

129 Preparation of Lithium , — The attempts made by Arfved- 
son and Gmelin to prepare metallic lithium were fruitless. They 
endeavoured to separate the metal by the electrolysis of its salts, 
but the battery they used was not powerful enough. Later on, 
the decomposition of lithia was tried by heating it with iron and 
carbon; these experiments also proved abortive. Then Davy 
succeeded in obtaining a small quantity of the metal by elec- 
trolysis, but was unable to examine its properties. In 1858 
Bunsen and Matthiessen were the first to obtain lithium in 
quantity by electrolysis and to examine its properties care- 
fully. Bunsen thus described the process : * “ Pure chloride 
of lithium is fused over a Berzelius’ spirit-lamp (or Bunsen’s 
gas lamp), in a small thick porcelain crucible and is decomposed 
by a zinc-carbon battery consisting of four to six cells. The 
positive pole is a small splinter of gas-coke, and the negative 
an iron wire about the thinness of a knitting-needle. After 
a few seconds, a small silver-white regulus is formed under the 
fused chloride round the iron wire and adhering to it, which 
after two or three minutes attains the size of a small pea : to 
obtain the metal the wire pole and the regulus are lifted out of 
tho fused mass by a small flat spoon-shaped iron spatula. The 
wire can then be withdrawn from the still melted metal, which 
is protected from ignition by the chloride of lithimn, with which 

^ Annalen, 1863, 85 , 251. * Joum, Chem, Soc,, 1860, 143. 
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it is coated. The metal may now be easily taken off the spatula 
with a pen-knife, after having been cooled under rock oil. As 
this operation can be repeated every three minutes, an ounce 
of chloride of lithium may be reduced in a very short time,’’ 

For the preparation of the metal on a somewhat larger scale 
it is advisable to employ a mixture of the chlorides of potassium 
and lithium in equal weights,^ or preferably lithium bromide 
to which 10 — 16 per cent, of the chloride has been added.^ The 
metal can be obtained also by electrolysing solutions of the 
chloride in pyridine,® and in various alcohols.^ 

Lithium cannot be obtained in a similar manner to that by 
which sodium and potassium are prepared, viz., by heating 
the carbonate with charcoal, or the hydroxide with iron (Troost), 
but it distils over when pieces of magnesium are added to lithium 
hydroxide heated in an iron retort.® 

Properties . — Lithium is a solid, possessing a silver-like lustre, 
but tarnishing on exposure to the air. It is much less oxidisable 
than potassium or sodium. It is not so soft as these metals, but 
is softer than lead, and makes a grey streak on paper. Lithium 
can be pressed into wire, and can be welded at ordinary tem- 
peratures, It melts at 180*1°,® and if the melted metal be 
pressed between two sheets of glass, a surface is obtained which 
exhibits the colour and brilliancy of polished silver. Lithium 
floats on petroleum, and is the lightest of all known bodies 
which are solid at the ordinary temperature, its specific gravity 
varying from 0*5891 to 0*5983 (Bunsen). 

Heated in the air lithium ignites at a temperature above its 
fusing point, burning tranquilly with a bright white light. It 
burns also when heated in hydrogen, chlorine, bromine, iodine, 
dry carbon dioxide, or sulphur vapour; it combines readily 
with nitrogen on heating, and slowly absorbs the gas even at 
the ordinary temperature, forming the nitride. When thrown 
on to water it oxidises, but does not fuse like sodium. Nitric 
acid acts on lithium so violently, that it fuses and often ignites. 
Sulphuric acid attacks it slowly, but dilute sulphuric and hydro- 

^ Guntz, V Electrochimiet 1896, October. 

* Ruff and Johannsen, Zeit, Elcktrochem., 1906, 12, 186. 

* Kahlenberg, J. Physical Chem., 1899, 3, 602. 

* Patten and Mott, J. Physical Chem., 1904, 8, 153. 

* Warren, Chem, News, 1896, 74, 6. 

* Bernini and Cantoni, Nuovo dm., 1914, [6], 8, ii, 241; cf. Ruff and 
Johannsen, ZeiL Elektrochem,, 1906, 12, 186; Bernini, Physikal, ZeiL, 1905, 
6, 74. 
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chloric acids quickly. Silica, glass, and porcelain are attacked 
by lithium at a temperature below 200® (Bunsen and Matthiessen). 
lithium is more electro-negative than sodium. It amalga- 
mates readily with mercury, but the highest compound formed 
is LiHga.i 


COMPOUNDS OF LITHIUM. 

130 Lithium Hydride, LiH. — ^Lithium combines with hydrogen 
slowly at a dull red heat, and rapidly at a bright red heat with 
incandescence, forming the white solid hydride, density 0*816, 
which melts at 680®. It decomposes partially when slowly 
heated, and at 600® has a dissociation pressure of 27 mm. At 
a red heat the hydride burns in chlorine, yielding hydrogen 
chloride and lithium chloride, whilst with hydrogen chloride 
it forms the chloride and hydrogen (Guntz). It slowly alters in 
the air ; with water it gives hydrogen and the hydroxide.^ Lithium 
hydride acts as a salt on electrolysis, yielding lithium at the 
cathode and hydrogen at the anode.^ 

Lithium Oxide, LigO, and Lithium Hydroxide, LiOH. — 
Dry oxygen does not act upon lithium at the ordinary tempera- 
ture. Indeed the metal may be melted in dry air without 
losing its brilliancy. Heated much above 180®, lithium takes 
fire and bums brilliantly in the air with the formation of lithium 
oxide, or lithia, which is coloured yellow by a small quantity 
of a higher oxide and volatilises slowly at 600®.^ It may be 
prepared in a purer state by heating nitrate of lithium in a silver 
basin, and also by heating the hydroxide or carbonate in a 
current of dry hydrogen at 780®. It forms a white crystalline 
mass which dissolves slowly in water with the formation of a 
hydrated form of the hydroxide, LiOH. The anhydrous hydroxide 
can only be prepared from the hydrate, LiOH,HoO, by heating 
the latter in a current of hydrogen below 140®. It forms a white, 
porous mass. The hydrate is prepared by adding the calculated 
quantity of barium hydroxide to lithium sulphate and concentrat- 
ing the resulting solution after filtering off the barium sulphate ; 
crystals are thus obtained which are freed from water by heating 

^ Smith, Zeit, ancrg. Chem., 1912, 74, 172. 

> Ountz, CompL rend., 1896, 122, 244 ; 123, 694. 

* Moers, Zeit. anorg. Chem., 1920, 113, 179. 

* Lebeau, Compt, rend., 1903, 136, 1266. 
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to 33"^ in a current of pure hydrogen.^ A second crystalline 
hydrate, 2 Li 0 H,H 20 , has also been obtained.^ 

Lithium Peroxide, LigOg. — When hydrogen peroxide and alcohol 
are added to a solution of the hydroxide, the compound 
Li202,H202,3H20 is precipitated in hard, colourless crystals, 
which yield the anhydrous peroxide, LigOg, when they are kept 
over phosphoric oxide.^ 

131 Salts of Lithium , — Many of the salts of lithium are iso- 
morphous with those of sodium and silver, whilst in the alums 
this element can replace potassium and the other alkali metals. 
Lithium differs in a marked manner from sodium, potassium, etc., 
by forming a sparingly soluble carbonate, phosphate and fluoride. 

Lithium Fluoride, LiF, is a white crystalline salt, less soluble 
than the carbonate (2*7 gm. per litre), and its precipitation by 
means of pure ammonium fluoride is the best method for the 
purification of lithium salts.^ 

Lithium Chloride, LiCl. — This salt is formed when lithium 
burns in chlorine, or when lithia or the carbonate is dissolved in 
hydrochloric acid. Its preparation from spodumene and petalite 
has already been described. By evaporating the aqueous 
solution above 15*5®, or the alcohoKc solution over sulphuric 
acid, the chloride is obtained in octahedra. The fused salt has 
a specific gravity of 2*068 at 25°, and melts at 606° (Ruff and 
Johannsen)® to a mobile liquid; it is one of the most deliquescent 
salts known, and is also very soluble in many of the alcohols 
and pyridine. When its aqueous solution is evaporated to dryness 
traces of hydrochloric acid are given off, a little lithia being 
formed, and on redissolving, the liquid has an alkaline reaction. 
Three hvdrated chlorides are known, viz., LiCLHgO, LiCl,2H20, 
and 2LiCl,3H20. 

One hundred parts of water dissolve : 

At 0 ° 20 ^ 65° 80° 140° 160° 

LiCl 63-7 80-7 104-2 115 139 145 parts 

The saturated solution boils at 171° (Kremers). 

The chloride forms a series of unstable additive compounds 
with 1, 2, 3, and 4 molecules of ammonia.® 

1 Dittmar, J, Soc, Chem, Ind., 1888, 7» 731; de Forcrand, Compt. rend,, 
1907, 144, 1321 and 1402. 

* Murotow, Ber,, 1872, 6, 331 ; Gottig, Ber„ 1887, 20, 2912. 

* de Forcrand, Compt, rend,, 1900, 130, 1466. 

* Richards, J, Amer, Chem, Soc,, 1910, 82, 19. 

^ Zeit, Elektrochem., 1906, 12, 186. 

* Bonnefoi, Ann, Chtm, Phya,, 1901, [7], 23, 317. 
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Lithium lodotetrachloride^ LiICl4,4HoO, is obtained by the 
action of chlorine on a solution of lithium chloride and iodine 
in dilute hydrochloric acid, and crystallises in needles.^ 

Lithium Perchlorate, LiC104,3H20,is readily obtained by evapor- 
ating lithium chloride with perchloric acid. The anhydrous salt 
melts without decomposition at 236° and contains a higher 
proportion of available oxygen than any other known compound. 
It was for this reason selected by Richards ^ for the determination 
of the atomic weights of silver and lithium. 

Lithium Sulphate, 1^2804, HoO, is obtained by dissolving the 
carbonate in dilute sulphuric acid, and crystallises in thin mono- 
clinic plates which dissolve readily in water and alcohol. It forms 
double salts with other alkali sulphates : Li2S04,3Na2S04,l 2II2O ; 
Li2S04,K2S04 ; Li2S04,(NH4)2S04.^ The acid sulphate, LiirS04, 
is also known.^ 

Lithium Nitride, LigN. — Lithium absorbs nitrogen at the 
ordinary temperature. The reaction takes place with incan- 
descence when the metal is heated in a stream of the gas,*** with 
formation of the nitride, LigN, which is, how^ever, best prepared 
pure by heating the metal very gently in an iron dish in a slow 
stream of nitrogen.® It fuses at 840 — 845°, and attacks most 
substances when in the molten state. 

Lithiumamide, LiNHo, is formed slowly by the prolonged 
action of liquid ammonia on metallic lithium at the ordinary 
temperature in a sealed tube.® It is obtained also by heating 
the nitride in either hydrogen or ammonia at temperatures 
between 340° and 480°.^ The amide forms white, shining 
crystals W'hich melt at 373 — 375° when heated in a sealed 
tube, 

Lithiumimide, LigNH, is obtained by heating lithiumamide 
from 360° to 450° in a silver dish, as a white, partially fused 
mass which is decomposed at 600°. On exposure to sunlight 
it is decomposed with the formation of the nitride and amide.’® 

^ Wells and Wheeler, Zett. anorg. Chem., 1891, 2, 255. 

* J. Amer, Chem., Soc. 1910, 32» 8. 

* Spiclrein, Compt. rend., 1912, 165, 346. 

* Schultz, Pogg. Ann., 1868, 133, 137. 

^ Deslandres, Compt. rend., 1895, 121, 886. 

* Guntz, Compt. rend., 1896, 123, 995. 

^ Dafert and Miklanz, Monatsh., 1910, 31, 981. 

^ Ruff and Georges, Ber., 1911, 44, 502. 

* Dafert and Miklauz, Monatsh., 1912, 33, 63. 

Ber., 1911 , 44, 502; Monatsh., 1912, 33, 63. 
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Lithium Azoimide^ LiNg, crystallises with IHgO in colourless 
hygroscopic needles and explodes between 115° and 298°.^ 

Lithium Nitrite^ LiNOgjHgO, is prepared by the action of silver 
nitrite on aqueous lithium chloride.^ 

Lithium Nitrate, LiNOg, is prepared by dissolving the carbonate 
in nitric acid, and is very soluble in water or alcohol. It 
crystallises in anhydrous rhombohedra, isomorphous with sodium 
nitrate (Troost). 

The solid salt in equilibrium with a saturated solution contains 
SHgO up to a temperature of 29*6° and a concentration of 57*5 
per cent., JHgO from 29*6° to 61*1°, and above this temperature 
is the anhydrous salt.^ 

Normal Lithium Phosphate, Li 3 P 04 , is distinguished from 
the phosphates of the other alkali metals by its slight solubility 
in water, in this respect resembling the phosphates of the next 
group of metals. It is precipitated as a crystalline powder 
by adding a lithium salt to sodium phosphate together with 
caustic soda.^ It may be obtained also by acting on lithium 
carbonate with phosphoric acid. It dissolves in 2,539 parts of 
water, and in 3,920 of water rendered alkaline by ammonia. 
In presence of ammonium salts it is much more soluble, and 
is precipitated from the solution by heating with caustic potash. 
It is readily soluble in hydrochloric and nitric acids; baryta 
water precipitates the phosphoric acid from the solution as 
barium phosphate, the whole of the lithium salt remaining in 
solution (W. Mayer). When a nitric acid solution of the normal 
salt is evaporated and the excess of free acid driven off, the di- 
hydrogen salt, LiH 2 P 04 , remains. Evaporation over sulphuric 
acid deposits deliquescent crystals. 

Lithium Carbide, LigCg, is formed when a mixture of the car- 
bonate with sugar charcoal is heated in the electric furnace,® 
and when metallic lithium is heated with carbon, or in a current 
of carbon monoxide or dioxide.® It is a transparent, colourless, 
crystalline mass of sp. gr. 1-65 at 18°, and is a powerful reducing 
agent. It inflames in fluorine and chlorine at the ordinary 
temperature, and is readily attacked by bromine, iodine, oxygen, 

^ Dennis and Benedict, ZeiU anorg. Chem., 1898, 17, 18; Curtins and RiSvSon', 
J. pt. Chem., 1898, [2], 58> 261. 

* Oswald, Ann, Chxm,, 1914, [9], 1. 32. 

® Donnan and Burt, Joum, Chem, Soc., 1993, 83, 335. 

* Compare Quartaroli, Oazz,, 1907, 37, [1], 598. 

‘ Moissan, Compt, rend., 1898, 122, 362; 1898, 126, 302. 

* Guntz, Compt. rend., 1896, 123, 1273; 1898, 126, 1866. 
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sulphur, phosphorus, and arsenic. Water decomposes it, forming 
lithium hydroxide and pure acetylene. It can be prepared also 
by acting on lithium dissolved in liquid ammonia with acetylene 
at —40° to —80°, and heating the crystalline compound, 
C2Li2,C2H2,2NH3, which is formed.^ 

Heated in nitrogen at 925° lithium carbide forms lithium 
cyanamide, with some dicyanamide and cyanide; the nitrogen 
absorption is more rapid than for calcium carbide.^ 

Lithium Cyanide, LiCN, is obtained by the action of hydro- 
cyanic acid on lithium hydroxide in absolute alcohol or benzene.® 
It forms an argenticyanide, LiAg(CN)2, and ferro- and ferri- 
cyanides, Li4Fe(CN)g,6H20 and Li3Fe(CN)p„4H20. 

Normal Lithium CarboncUe, LigCOg. — This salt, unlike the 
carbonates of the other alkali metals, is but slightly soluble in 
water, thus more nearly resembling the carbonates of the next 
group of metals. It forms a crystalline powder when a con- 
centrated solution of lithium chloride is poured into a solution 
of ammonium carbonate in aqueous ammonia, the mixture being 
heated so long as the precipitate increases in bulk. 

The carbonate commences to decompose at about 600° into 
carbon dioxide and lithium oxide, which slowly volatilises ; ^ 
when heated in a current of hydrogen at 780° the whole of the 
carbon dioxide is expelled.^ 

One hundred parts of water dissolve at : 

0^ 10° 20° 50° 75° 100° 

1*539 1*406 1*329 1*181 0*866 0*728 

parts of lithium carbonate.® The solubility is increased by 
various sodium and potassium salts, and still more by ammonium 
salts.’ 

If the solution is slowly evaporated crystalline crusts or small 
transparent crystals of the salt separate out, and if these are 
suspended in water and carbon dioxide is passed in, lithium 
hydrogen carbonate, LiHCQs, formed. On evaporation the 
solution loses carbon dioxide, again depositing the normal salt. 

^ Moiflsan, Compt. rend., 1898, 127, 911. 

* Tucker and Moody, J. Amer. Chem. Soc., 1911, 33, 1478. 

’ Meyer, Zeit. anorg. Chem., 1920, 115, 203. 

^ Lebeau, Compt. rend., 1903, 136, 1256. 

* Dittmar, J. Soc. Chem. Ind., 1888, 7, 731; de Forcrand, Compt. rend., 
1907, 144, 1402. 

* Bewad, J. Russ. Phys. Chem. Soc., 1884, i, 591. 

’ Geffcken, Zeit. anorg. Chem., 1905, 43, 197. 
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Lithium carbonate is employed in medicine, especially in gouty 
affections, since it acts as a solvent for uric acid. 

Lithium Suicide^ LigSig, is prepared by heating lithium and 
silicon together in a vacuum, and removing the excess of lithium 
by liquid ammonia or by heating to 500° in vacuo. It forms 
small lustrous crystals of a deep indigo blue colour, has the sp. gr. 
1-12, and decomposes into its elements above 600°. This com- 
pound acts as a vigorous reducing agent, burns when heated in 
the air or oxygen, and is decomposed when heated in hydrogen 
and the halogens. Concentrated hydrochloric acid decomposes 
it, forming silicoethane, SigH^, and water produces a violent 
reaction, the silicoethane, which is probably the first product, 
being decomposed by the lithium hydroxide also formed.^ 

Lithium Orthosilicate^ Li4Si04, prepared by fusing lithium 
carbonate with the requisite quantity of silica, crystallises in 
the same form as olivine ; the metasilicate, LigSiOg, has the same 
form as hypersthene. The orthosilicate melts at 1215°, the 
metasilicate at 1180° (Rieke and Endell)^ or at 1202° (Jaeger).® 
Both silicates are partly decomposed by water, but the latter 
has been obtained as a monohydrate, LigSiOgjHgO, iasoluble in 
water.^ The systems formed by each of these silicates with the 
corresponding aluminium silicate, and the system LiAlOg-SiOg 
have been investigated and evidence has been obtained of the 
existence of the compounds : ® 2Li2Si03,Alg(Si03)3, m. p. 965° ; 
Li2Si03,Al2(Si03)3, m. p. 1275°; Li4Si04,Al4(Si04)3, m. p. 1330°; 
LiAlSigOg, m. p. 1250.°; LiAlSi40io, m. p. 1200°. Lithium 
can also, like sodium and potassium, form soluble silicates con- 
taining excess of acid over base.® 


Detection and Estimation of Lithium. 

132 The presence of extremely small traces of lithium com- 
pounds ( io"o(^ ^ of a milligram) can be ascertained with 
certainty by means of the spectroscope. The luminous vapour 
of lithium, obtained by bringing a trace of a salt on a fine platinum 
wire into the non-luminous gas flame, gives, when examined 

1 Moissan, Compt, rend., 1902, 134, 1083. 

* Sprechsaal, 1910, 43, 683. 

* J. Washington Acad. Sci., 1911, 1, 49. 

* Vesterberg, Medd, K. Vetenskapsakad. Noibel’Inst,, 1919, 5, No. 30. 

^ Ball6 and Dittler, Zeit. anorg. Chem., 1912, 76f 39. 

* Vesterbeig, loc. cit. 
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by the spectroscope, two sharply defined lines — the one a very 
weak yellow line, Li/5 (wave-length = 6104), the other a bright 
red line, Lia (wave-length = 6708). Not only do all the lithium 
salts when thus heated give this reaction, but ashes of plants 
and the lithium minerals only require for this purpose to be held 
in the flame. Natural silicates which contain only traces of 
lithhun must first be subjected to the following treatment. 
A small portion of the substance is digested with hydrofluoric 
acid, and the residue moistened with sulphuric acid and heated ; 
the dry mass is then treated with alcohol, and the extract allowed 
to evaporate in a shallow dish. The solid particles are scraped 
off and brought into the flame on the platinum wire (Bunsen). 

Lithium is separated from all the heavy and earthy metals 
in the ordinary process of analysis. It may be separated from 
potassium by precipitating the latter metal as the platinichloridc 
or perchlorate, the corresponding lithium salts being soluble. 
It can be separated from sodium by the solubility of lithium 
chloride in a mixture of ether and absolute alcohol, but as by 
this process a small quantity of sodium chloride is found to be 
dissolved, it is best to determine the amount of chlorine in a 
given weight of the mixed chlorides, from which the quantities 
of lithium and sodium may be calculated. The best method 
for the separation of lithium chloride from the other alkali 
chlorides is to digest the solid chlorides repeatedly with pyridine,^ 
or, better, tsobutyl alcohol,® in which the lithium chloride 
only is soluble ; the chloride is then recovered from the pyridine 
solution and converted into and weighed as lithium sulphate. 

Tke atomic weight of lithium was first accurately determined 
by Mallet in 1856 and 1859, and by K. Diehl in 1862. It was 
afterwards determined by Stas by converting the cliloride into 
the nitrate, and by the determination of chlorine in lithium 
chloride, the atomic weight deduced from these numbers being 
7-03. Richards and Willard* have since redetermined the 
atomic weight by converting the chloride into silver chloride, 
and obtained the value 6‘94 (Ag — 107-88), which is now (1922) 
accepted. 

^ Kahlenbcrg and Krauskopf, J, Amer, Chem. Soc., 1908, 30, 1104. 

‘ Winkler, ZeiL anal. Chem., 1913, 52, 628. 

* J. Amer. Chem. Soc., 1910, 32, 4. 
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SODIUM. Na = 23.00. At. No. ii. 

133 In tEe writings of the Old Testament (Jeremiah, ii. 22) 
we find' a substance used for washing purposes mentioned as 
nether. This same substance is mentioned in Proverbs as being 
one which effervesces when vinegar is poured over it, and in our 
version this substance is called nitre. In Luther’s translation 
the name chalk is given to this body, but there can be little 
doubt that by the word nether was meant trona, or the native 
carbonate of soda, to which the names vLrpov in Greek and 
7 iitrum in Latin were applied. At a later date the name niirum 
was given to saltpetre; but up to the fourth century there is 
no doubt that nitrum signified the carbonate of soda originally 
obtained from the salt lakes in Egypt, to which the names jlos sahs 
and spuma nitri were given. Eeasons for believing this are, 
amongst others, the facts stated by Pliny, that this nitrum does 
not decrepitate when thrown on the fire (“ igni non exsilit nitrum ’’) 
as saltpetre does ; that it possesses a fatty touch, this property 
being heightened by boiling it with lime; that the nitrum is 
used both with and without oil in the baths [“ in balneis utuntur 
(nitro) sine oleo ; and that it is largely used in the manufacture 
of glass. 

The word nitrum was (p. 240) long applied indiscriminately 
to both soda and potash. The terms soda and natron came into 
general use in the fifteenth century to distinguish fixed alkali 
from nitre. 

134 The sodium compounds occur very pbundantly and are 
universally diffused. Vast quantities of sodium chloride, NaCl, 
are found in extended deposits as rock salt in different parts of 
the world and in various geological formations, whilst the same 
compound occurs in solution in sea-water, salt lakes, salt 
springs, and many mineral waters. The double fluoride of 
sodium and aluminium, or cryolite, SNaFjAlFg, is found in large 
quantity in Greenland; sodium nitrate, or Chili saltpetre, 
NaNOg, is deposited in beds several feet thick in the rainless 
districts of Southern Peru and Bolivia ; the carbonate, NagCOg) 
and the sulphate, Na2S04, are found either in springs or as 
deposits in the beds of dried-up lakes. Many minerals, especially 
nepheline, sodalite, albite, labradorite, contain sodium silicate 
in considerable quantity, whilst traces of sodium compounds 
occur in all silicates. Indeed it is difficult to find any substance 
which does not contain traces of sodium. 
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Sodium compounds are found also in living organisms of all 
kinds. The whole of the animal body, especially the juices, is 
rich in sodium compounds, particularly the carbonate, chloride, 
and phosphate, with sodium salts of organic acids. 

Plants growing in or near the sea contain sulphate, iodide, 
and chloride of sodium. Sodium salts are, however, not char- 
acteristic of vegetable life in the same sense that potassium salts 
are. Thus, whilst the latter alkali is always present in larger 
quantities in certain organs of the plant than in others, sodium 
appears in general to be equally diffused throughout the whole 
organism. It is also a remarkable fact that the sodium salts 
contained in the ashes of plants are insoluble in water, as they 
combine with the phosphates of the alkaline earths to form 
insoluble compounds. For this reason the presence of sodium 
compounds in the ashes of plants has often been overlooked. 

Diihamel and Cadet have shown that if the plant Salsola Soda, 
which grows near the sea, and which yields an ash rich in soda 
salts, be transplanted to an inland situation, the ash gradually 
loses in soda and gains in potash, until the whole of the former 
disappears. If inland plants arc grown near the sea the reverse 
change takes place (Correnwinder). 

13 s Preparation of Metallic Sodium, — Sodium, like potassium, 
was first obtained in 1807 by Davy ^ by electrolysis of caustic 
soda. Some years later sodium was manufactured by a process, 
proposed by Brunner, of igniting a mixture of sodium carbonate 
and charcoal, and this method was improved by Deville,^ who 
showed that the manufacture of sodium is simpler and easier 
than that of potassium, as there is no liability to explosions. This 
process, is however, a costly and an uneconomical one, inasmuch 
as a considerable quantity of the sodium is volatilised and burns ; 
some adheres to the receiver, and the reduction does not occur 
completely, so that in a well-conducted operation the sodium 
obtained is only about one-third of the theoretical yield, and, 
moreover, as it is necessary to expose the retorts to a white heat, 
they are rapidly burnt through and rendered useless. An 
improvement introduced by Castner ® in 1886 was the replace- 
ment of sodium carbonate by caustic soda. The reaction is 
expressed as follows : 

6NaOH + 2C =. 2 Na 2 C 03 + SH^ + 2Na. 

» Phil Trans,, 1808, 88, 1. • Ann, Chim, Phys., 1865, [3], 48i 6 . 

* See Roflcoe, Proc, Roy, Inst,, 1880, 12, 463. 
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By this process, which was successfully worked for some time, 
the price of sodium was materially reduced, but subsequently 
Castner ^ introduced another method of manufacture, viz., the 
electrolysis of caustic soda, which has placed the sodium industry 
on an entirely new basis, and obviated the great difficulties which 
necessarily beset all the older processes. The temperature of 
decomposition rises only a few degrees above 300° and thus 
the wear and tear of the apparatus is reduced to a minimum, 
whilst at the same time the whole of the sodium is obtained as 
metal. In the year 1807, Davy, with his battery of 100 cells, 



found it impossible to produce the effects of decomposition 
on pieces of soda of more than fifteen or twenty grains in weight ” ; 
the process has now been so amended that very large quantities 
of sodium are manufactured annually. 

The apparatus consists of an iron vessel a (Fig. 94) suitably 
mounted in brickwork r, so that the heat applied by the gas 
burners g may be well distributed. The vessel a is provided 
with one or more base pipes b adapted to receive the negative 
electrodes which are preferably of metal and pass up into the 
vessel. Suspended directly above the cathode A is a tubular 
iron receptacle c which is provided on its upper end with a 
lid whilst to its lower edges is secured an iron wire gauze w, 
1 J. Soc, Chem, Ind., 1891, 10, 777; Pat. No. 13356 (1890). 
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which, when the receptacle c is placed in position, completely 
surrounds the cathode. The positive electrodes / are made of 
such metal as will withstand the oxidising action of the evolved 
gases, as, for instance, nickel, and either form part of the cover 
of the vessel a or are bolted to it, being so placed that when the 
cover is adjusted the electrodes are a suitable distance from, 
and directly surround, the gauze m. Electrical connection is 
made between the cover by the connection i with the positive pole 
of the dynamo, and with the negative pole by the connection 1. 
The cover is provided with an opening p for the escape of the 
gases resulting from the electrolysis, this opening serving also 
for the introduction of a thermometer. Insulation is made at 
the points ss, by means of asbestos. The size and distance 
apart of the electrodes are both proportioned to the quantity of 
current to be supplied, the effective action of the apparatus being 
largely dependent on the accuracy with which this is carried 
out. 

The sodium, being much lighter than the hydroxide, rises 
together with the hydrogen from the negative electrode and 
passes into the receiver c, the hydrogen escaping around the 
edges of the cover w, while the molten metal continues to collect 
in quantity. From time to time this collected metal d is removed 
by means of a large finely-perforated spoon, the perforations 
enabling the molten caustic to flow out whilst the metal remains 
in the spoon. Caustic is added to the bath from time to time 
to replace the metal removed, and in this way a continuous process 
may be carried on in an economical manner. 

Any rise of temperature is followed by a proportionate loss 
of product and waste of electrical energy, but it is possible 
so to adjust the electrical current and the quantity of caustic 
alkali forming the electrolyte that the proper temperature will 
be maintained in a previously melted bath without external 
heat; or the current may be temporarily increased in order to 
melt the bath, being subsequently reduced, until the working 
temperature is attained; if large currents are used the bath 
and the electrodes may be artificially cooled by air or water 
circulation. The cathode may be conveniently sealed in the 
extension b by means of molten caustic- k which is allowed to 
harden before beginning the process. 

In order to secure a fair yield of metal for the current applied 
it is necessary that the temperature of the electrolyte should 
not be allowed to rise above 330®, or 20® above the melting 
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point of caustic soda. The total current for a cell holding 
100 kgrra. of molten soda is 1200 amperes, giving a current 
efficiency of 45 per cent. 

The sodium thus obtained is sufficiently pure for ordinary 
purposes, and only requires to be remelted and then cast into 
sticks about one inch thick and a foot long. These may be 
preserved in closed vessels in dry air for a long time without 
undergoing any considerable oxidation, but it is usual first to 
moisten the sticks with petroleum. When in smaller masses it 
is advisable to keep the sodium under petroleum. 

In the Griesheim contact electrode process, the cathode con- 
sists of a vertical iron rod which can be lowered to make contact 
with the fused soda electrolyte in the bath. As fast as the sodium 
is liberated, the cathode is raised and the end of the sodium rod 
thus formed serves as the cathode. The advantage of this 
process is that the metal is not so much exposed to the solvent 
action of the electrolyte as in the Castner process. 

Many suggestions have been made for the electrolysis of sodium 
chloride whereby metallic sodium and chlorine gas would be the 
products. There appears, however, to be only one plant in 
successful operation in which direct electrolysis of fused sodium 
chloride takes place and for this a circular brick-lined furnace, 
with a circular graphite anode and a hollow iron cathode through 
which the sodium passes to a collector, are used. 

Chemically pure sodium is prepared by distilling pure sodium 
chloride with metallic calcium in vacuo?' 

136 Properties, — Sodium is a white metal possessing a high 
silver-white lustre. It may be obtained in the crystalline con- 
dition by sealing up 100 grams of metal in a glass tube filled 
with hydrogen. The sodium is melted at one end of the glass 
tube and then allowed to filter through some wire gauze placed 
in a narrowed portion of the tube. The melted metal is thus 
rendered perfectly free from oxide, and must be fused in the 
clean part of the tube, allowed to cool partially, and then the 
central liquid portion suddenly poured off from the solidified 
crust. According to Long,^ sodium crystallises in the tetragonal 
system, forming acute octahedra, but it probably exists in tw^o 
modifications of which the metastable form, /7-sodium, is the 
less dense, and changes exothermically to a-sodium, the trans- 

^ Hackspill, Ann, Chim. Phys,, 1913, [8], 28, 613. 

* Journ, Chem, Soc,, 1801, 13, 123. 

VOL. II. (l.) S 
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formation occurring most rapidly at about 95'’.^ The density 
of sodium is 0*9723 at 0°.^ At —20° sodium is rather hard, at 
0° it is very ductile, at the ordinary temperature it has the con- 
sistency of wax, at 50° it is semi-fluid, and it melts at 97*6°,^ form- 
ing a liquid resembling mercury in its appearance. Sodium 
boils at 882*9°,'* the vapour is colourless when seen in thin 
layers, but of a peculiar purple colour by transmitted light 
when seen in quantity (Roscoe and Schuster), and exhibits 
a green fluorescence.^ The vapour is monatomic, as shown 
by the ratio of the specific heats, 1*G8°.® With the exception of 
silver, copper, and gold, it conducts heat and electricity better 
than any other metal. The specific resistance is 4*873 x 10”® 
at 20°, and 9*724 x 10”® at 100°, increasing suddenly at the 
melting point,’ and next to caesium, rubidium, and potassium, 
it is the most electro-positive metal (Bunsen). 

Sodium has been obtained in the colloidal state by the electrical 
method (p. 82), forming an unstable violet-coloured solution 
in ethyl ether.® 

When freely exposed to moist air sodium oxidises like potass- 
ium, although not quite so rapidly. It burns with a bright 
yellow flame when heated in the air, forming the monoxide and 
the dioxide. Thrown on to cold water it floats on the surface, 
disengaging hydrogen and dissolving, but not evolving heat 
enough to ignite the hydrogen. With hot water, or a thick paste 
of starch, or wet filter paper, the evolved hydrogen ignites and 
burns with a yellow-tinted sodium flame. 

Sodium IS largely used for the manufacture of cyanides and 
sodium peroxide, and for the preparation of silicon, boron, 
and of certain organic substances such as artificial indigo and 
antijiyrin. Sodium amalgam is of great service as a reducing 
agent in the laboratory. Thermal analysis and microscopic 

^ Cohen anrl Wolff, Proc. K Akad. Wetensch. Amaterdaniy 1915, 18 , 91 ; 
Cohen and de Bniin, ibiL, 1915, 17 , 926, »ee also Cohen and Hclderniann, 
\hid , 1915, 17 , 1238; Cohen, Trans. Faraday tioc., 1915, 10 , 216. 

* Hackspill, Ann. Chim. Phys., 1913, fSJ, 28, 613. 

* Bemini and Cantoni, Nuovo Cim , 1914, (6], 8, ii, 241. 

* Heycock and Lamplough, Proc. Chem. lioc., 1912, 28 , 3. 

* Wiedemann and 8chmidt, Ann. Phys. Chem.^ 1896, [2), 67 , 447; Wood 
Phil Mag, 1905, [6], 10 , 513; Physikal Zeil, 1906, 7 , 105; Phil Mag., 
1906, [6], 12 , 499; 1909, [6], 18 , 530; Zickondraht, Physikal Zeil, 1908, 9 , 593; 
Dunoyer, Cmnpl rend., 1911, 163 , 333, 1912, 164 , 815. 

* Ilobitzsch, Ann. Physik, 1912, [4J, 38, 1027. 

’ Northrup, Trans. Amer. Elcctrochem. Soc., 1911, 20, 185. 

« Svedbcrg, Per., 1905, 38 , 3616. 
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examination of mercury-sodium alloys have shown that these 
contain compounds of the formulae : NagHg, NagHgg, NaHg, 
Na 7 Hgg, Nallgg, and NaHg 4 .^ 

SODIUM COMPOUNDS. 

Sodium and Oxygen. 

137 Sodium forms two well-defined oxides, a strong basic 
monoxide, NagO, and a peroxide, Na202. In addition to these 
a grey suboxide possibly exists, and also a sesquioxide, Na 203 . 

Sodium Suboxide, NagO, is stated to be formed when a clean 
surface of the metal is first exposed to air, and when pure air 
is passed through sodium just above its melting point. It is 
described as a grey arborescent mass, which burns when heated 
in the air, and decomposes water wdth evolution of hydrogen.^ 

Sodium Monoxide, Na20. — Sodium does not oxidise in perfectly 
dry air, but when heated in slightly moist oxygen it takes fire 
and burns with formation of a mixture of the monoxide and 
j)eroxide. If the amount of oxygen be limited and the sodium 
be not heated above 180°, only the former oxide is obtained,® 
and can be freed from the unaltered metal by distillation in a 
vacuum.'^ 

The monoxide can be prepared also by heating sodium nitrate 
or nitrite with metallic sodium,® the nitrogen being liberated ; 

2NaN02 + 6Na = 4Na20 -f N 2 . 

It is a white, amorphous mass (Rengade), having a conchoidal 
fracture, and a sp. gr. of 2-805. It melts at a dull red heat, and 
undergoes volatilisation at a still higher temperature (Davy) ; 
when heated above 400° it is decomposed into the peroxide and 
metal, but in a vacuum is dissociated at 300°.® When brought 
in contact with water violent action occurs, sodium hydroxide 
being formed. Carbon dioxide is not absorbed by sodium 
monoxide when cold, but sodium carbonate is formed at 300°.® 

Sodium monoxide is the oxide corresponding to the mono- 
valent sodium salts, to which class, as already stated, all the 
stable salts belong. They are characterised by the fact that 

^ Vanstono, Trans. Faraday 80 c., 1911, 7, 42. 

* dc Forcrand, Compt, rend., 1898, 127, 394, 514. 

* Holt and Sims, Jonm. Chem. Soc., 1894, 65» 442. 

* Kengadc, Compt. rend., 1906, 143, 1152. 

6 German Patent, 142467 (22/7/1902). 

* Rengade, Compt. rend., 1907, 144 , 765. 
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almost all are readily soluble in water, even when the corre- 
sponding salts of the remaining alkali metals are sparingly 
soluble. The least soluble inorganic salt of sodium is the 
metantimonate. 

Sodium Hydroxide, Sodium Hydrate, or Caustic Soda, NaOH. — 
AVhen water is added to sodium monoxide great heat is evolved 
and the hydroxide is formed ; it is obtained also when water is 
decomposed by sodium. It is best prepared in this way by 
placing metallic sodium in a pointed funnel of nickel gauze over 
water contained in a basin, and covering the funnel with a bell 
jar which stands in the basin, raised from the bottom by some 
pieces of glass rod. The water vapour attacks the sodium, and 
a solution of pure caustic soda (of about 40 per cent, strength) 
is formed, which drips into a platinum or nickel vessel placed 
under the funnel to receive it. The hydrogen evolved passes 
out through the water under the edge of the bell jar.^ 

Care is needed in the construction of the apparatus for this 
preparation, as, if liquid water comes in contact with large 
pieces of sodium, dangerous explosions sometimes occur. The 
cause of these is not definitely known, but they are possibly 
due to the presence of carbide in the metal.- The solution may 
be evaporated, and the caustic soda obtained in a fused state 
and cast into sticks. The hydroxide thus obtained is free from 
chloride and sulphate of sodium, and from alumina, silica, and 
oxide of iron. 

The manufacture of caustic soda is described later (pp. 313, 325). 

Commercial caustic soda often contains sodium chloride, 
sodium sulphate, alumina, and frequently silica and ferric oxide. 
It may be purified by dissolving in pure alcohol, and evaporating 
the clear solution to dryness in a silver basin [Sonde a ralcool, 
Berthollet). It still contains traces of sodium chloride, carbonate, 
and acetate, the latter being formed by the action of caustic 
soda on the alcohol. 

Caustic soda is a white opaque solid, with a fibrous texture; 
it has a specific gravity of 2-13 (Filhol), melts at 310'', is rather 
less volatile than caustic potash, and decomposes into its elements 
at the melting point of cast iron; heated in an atmosphere of 
nitrogen at 400" it becomes quite anhydrous and shows no signs 
of decomposition when the temperature is raised to 720".® It 

^ Kdater, Zeit, anorg, Chem., 1904, 41 , 474. 

* Harpf aad Floissnor, Chem, Centr., 1900, II. 994; Kuster, tbid, 

^ Bergmaon, Ber,, 1909, 42 , 4728. 
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deliquesces in the air and when moist absorbs carbon dioxide, 
and acts as a powerful cautery. It is very soluble in water and 
in alcohol, one part dissolving in 0*47 part of the former, yielding 
a strongly alkaline solution. The fused substance rapidly cor- 
rodes most metals; cast iron and silver are slightly affected, 
gold being the only metal which is not attacked. The action on 
copper is relatively considerable, and it has been shown that in 
this case, and with iron and nickel, the reaction is essentially an 
oxidation of the metal.^ 

Hydrates of Caustic Soda , — The equilibrium curve for caustic 
soda and water is of a very complex character,^ and indicates 
the existence of a number of hydrates. Among these the follow- 
ing have been isolated : NaOHjHgO, melting at 64°, is always 
produced when a hot concentrated solution of the hydroxide is 
allowed to cool ; Na 0 H, 2 H 20 , melting at about 1 2°, is obtained 
from 96*8 per cent, alcohol®; 2Na0H,7H20 is deposited in 
large transparent tabular monoclinic crystals when a solution 
of soda-ley of specific gravity 1*365 is exposed to a temperature 
of —8°. These crystals melt at 6°, yielding a liquid having a 
specific gravity of 1*405 (Hermes),^ but according to Pickering 
melt at 15*5°. In addition to these there is evidence for the 
existence of two isomeric hydrates with 41120; Na0H,5H20; 
Na0H,7Il20, and a complex labile hydrate with S-llHgO. The 
hydrate, 2Na0II,3Il20, has also been described.^ 

The following table gives the specific gravity of caustic soda 
solutions at 15°/4°, according to the experiments of Bousfield 
and Lowry : ® 


Percentage of 

Specific 

Percentage of 

Specific 

NaOll. 

gravity. 

NaOH. 

gravity. 

5 

1-0555 

30 

1-3309 

10 

1-1111 

35 

1-3830 

15 

1-1665 

40 

1-4334 

20 

1-2218 

45 

1-4815 

25 

1-2768 

50 

1-5290 


Caustic soda is a most useful substance, and is largely used 
for many industrial processes, its chief employment being in the 

^ Wallace and Fleck, Joum, Ckem, Soc., 1921, 119 , 1830. 

® Pickering, Joum. Chem. Soc., 1893, 63, 890; Dietz, Wissenschaft. Abhandl. 
Beichsanstalt, 1900, 3, 450. 

® Gottig, J. pr. Chem., 1889, [2], 2 , 360. * Pogg. Ann., 1863, 119 , 170. 

* de Forcrand, Compt. rend., 1901, 133, 223. 

• Phil. Trans.; \m, [A], 204 , 253. 
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manufacture of soap. A description of the methods used for its 
preparation on the large scale will be found in the sequel. 

Sodium Dioxide, NagOg, is formed when the metal is heated 
in an excess of air or oxygen, and is prepared on the large scale 
by placing sodium on aluminium trays, which are in turn placed 
on tram carriages which are passed through an iron tube heated 
to about 300''. The air is freed from moisture and carbonic acid 
before passing through the tube, and as the fully oxidised 
product is taken from the finishing end of the tube a fresh 
charge of sodium is placed at the other end, the tram carriages 
being pushed forward to admit the fresh trays. The finished 
product contains about 93 per cent. NagOg. About 500 tons 
are manufactured per annum by this process by the C^astner 
Kellner and other companies. 

Pure sodium dioxide is yellow, but becomes white on exposure 
to the air from absorption of water and carbon dioxide.^ It 
dissolves in water with partial formation of caustic soda and 
hydrogen dioxide, the latter decomposing on heating into water 
and oxygen, and an analogous decomposition takes place on 
addition of mineral acids, the corresponding sodium salt being 
formed. It does not give off oxygen, unless heated to very 
high temperatures, but acts as a very strong oxidising agent on 
any substance mixed with it, and is therefore used in the analysis 
of many minerals, such as iron pyrites, chrome ironstone, etc. ; 
fused with finely divided gold, it forms sodium aurate.^ It 
has a very violent action on glacial acetic acid, the whole mass 
becoming ignited, and in presence of moisture oxidises any 
readily combustible substances such as wood, paper, etc., and 
great care must therefore be exercised in dealing with largo 
quantities of the dioxide. It is reduced to metallic sodium by 
charcoal, coke, or graphite at 300-400°.® 

It absorbs carbon dioxide with formation of sodium 
carbonate and liberation of oxygen, and on account of this 
property its use has been proposed ^ for the regeneration of air 
in close spaces contaminated by respiration, such as submarines, 
and in respiratory apparatus for use in atmospheres containing 
noxious gases. It also absorbs carbonic oxide with formation 
of sodium carbonate, and nitrous and nitric oxides with formation 
of sodium nitrate.® With ammonium persulphate it forms an 

^ Jaubert, Compt. rend., 1901, 132 , 35. 

* xMeycr, Compt. rend., 1907, 145 , 805. 

* Bamberger, Ber., 1898, 31 , 451. * German Patent, 168717 (3/3/1904). 

* Harcourt, Journ, Chem. Soc., 1862, 14 , 276. 
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explosive mixture.^ When the solution in cold water is allowed 
to evaporate, large tabular hexagonal crystals of the hydrate 
NagOojSIIgO separate out, which on standing over sulphuric 
acid lose water, forming the hydrate Na202,2Il20. The first 
hydrate is formed also when alcohol is added to a mixed solution 
of caustic soda and hydrogen peroxide,^ and these two hydrates 
are also formed when the peroxide is exposed to moist air free 
from carbon dioxide.® When carefully hydrated by means of 
ice it absorbs carbon dioxide at low temperatures with the 
formation of percarbonates.'^ 

A colourless powder having the composition Na202.2HCl is 
formed wlicn sodium dioxide is suspended in carbon tetra- 
chloride and treated with dry hydrochloric acid gas ; it is readily 
decomposed by water, giving hydrogen peroxide.® 

A solution of the dioxide in hydrochloric acid, consisting of 
sodium chloride and hydrogen dioxide, is now manufactured on 
the large scale, and is much used for bleaching straw. 

Monosodium Hydrogen Peroxide, NaO.OH.— When sodium 
peroxide is treated with alcoholic hydrochloric acid or with 
absolute alcohol at 0"^, the dioxide partially dissolves and a white 
powder remains which has the composition NaOgll.® It dissolves 
in water at 0^, forming a strongly alkaline solution, which on 
warming decomposes into caustic soda and oxygen, the same 
decomposition taking place with explosion when the dry 
substance is heated. It does not yield salts with mineral 
acids, but with acetic acid forms a crystalline compound of 
sodium acetate containing hydrogen peroxide of crystallisation 
2CIl3.C()()Na,ir2()2.’ Its formation from the dioxide is reiue- 
sented by the equation : 

NagOg d- CallsOH NaOC 2 Tl 5 + NaO.OH. 

Monosodium hydrogen peroxide gives oxygen with potassium 
permanganate, and chlorine with hydrochloric acid ; it liberates 
iodine from potassium iodide at the ordinary temperature. 

The dry substance is not acted upon by carbon dioxide, but 
in presence of a trace of moisture it is decomposed by the gas ; 

1 Kempf and Ochlcr, /irr., 1908, 41, 2576. 

* Fairley, Joum. Chern Soc„ 1877, 31) 125. Sec also de Forcrand, Compt. 
rend., 1899, 129, 1246; 1900, 130, 1555. 

* Jaubort, Compt. rend , 1901, 132, 86, 

* Wolffenstcin and Peltner, Ber., 1908, 41, 280; German Patent, 188569. 

* Jaubort, German Patent, 229572. 

* Tafel, Ber., 1894, 27, 816, 2297. 

’ D’Ans and Friedcrich, Zejt, anorg, Chem,, 1912, 73, 325. 
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an aqueous solution absorbs carbon dioxide at low temperatures, 
forming an unstable percarbonate.^ When treated with absolute 
alcohol or with hydrogen peroxide, a stable peroxide is formed 
containing hydrogen peroxide of crystallisation, 2NaH02, 11202 ; ^ 
the same substance is formed by treating sodium ethoxide witli 
a mixture of 30 per cent, hydrogen peroxide and absolute alcohol,® 
and by the action of an ethereal solution of anhydrous 100 per 
cent, hydrogen peroxide on metallic sodium.^ 

Sodium Trioxide i NagOo, is formed according to Joannis,® by 
the action of an excess of oxygen on a solution of sodium in 
liquid ammonia. It is decomposed by water with evolution 
of oxygen and formation of the hydrated dioxide, and by carbon 
dioxide with evolution of oxygen. 


Sodium and Hydrogen. 

138 Sodium Hydride^ Nall. — AVhen sodium is heated in hydro- 
gen at 370 ®, the hydride is produced as a colourless crystalline 
sublimate. It has the specific gravity 0 * 92 , and is insoluble in 
organic solvents and in liquid ammonia, but dissolves in fused 
sodium. When strongly heated in a vacuum it dissociates into its 
elements. The hydride is at once decomposed by water with 
formation of caustic soda and hydrogen, burns when heated in 
dry air, and ignites spontaneously in moist air. It burns 
brilliantly in fluorine, chlorine, and nitrogen peroxide, and is 
decomposed by hydrogen chloride, nitric and sulphuric acids, 
and by solid oxidising agents.® When the hydride is heated in 
carbon dioxide carbon is liberated, w^hilst it combines with 
moist carbon dioxide to form sodium formate,^ II.COgNa. Tlic 
absorption of hydrogen by sodium was observed by Troost and 
Hautefeuille,® but they did not obtain the crystalline hydride. 
The heat of formation of the solid compound is 16-6 cal.® 

^ Wolffenstcin and Peltner, loc. cit, 

* D’Ana and Friederich, loc. cit. 

* Wolffenstein and Peltner, loc. at.; German Patent, 19G369. 

* D'xVns and Friederich, loc. at. 

* Compt. rend., 1893, 110, 1370; Ann, Chim. Phys , 1906, [8J, 7, 5. 

* Moissan, Compt, rend, 1901, 133, 803; 1902, 134, 71; Holt, Proc. Chem. 
Soc., 1903, 187; Mem. Manch. Phil. 80 c., 1909, 53, [17], 1. 

’ Moissan, Compt. r&nd., 1903, 136, 723. 

« Ann. Chim. Phys., 1874, [5], 2, 273. 

* de Forcrand, Compt. rend., 1905, 149, 990; compare also Koyos, J. Amcr. 
Chem. Soc., 1912, 34, 779. 
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Sodium and the Halogens. 

139 Sodium Fluoride, NaF, is prepared by neutralising 
aqueous hydrofluoric acid with caustic soda or sodium carbonate. 
It crystallises in cubes and sometimes in octahedra,^ has a 
specific gravity of 2*766, and melts at 980° (Ruff and Plato)- 
It is sparingly soluble in water, 100 parts of water dissolving 
4 parts of the salt at 15° (Fremy). It is sometimes employed 
as an antiseptic. 

Sodium Hydrogen Fluoride, NaHF^, unlike the corresponding 
potassium salt, is not deliquescent and is, therefore, best suited 
for the preparation of fluorine by electrolysis of the molten acid 
fluoridc.2 

Sodium Chloride, or Common Salt, NaCl. — Davy states that 
sodium takes fire when brought into chlorine gas, but Wanklyn ® 
has shown that dry chlorine does not attack sodium even in the 
melted state. Metallic sodium also retains its brightness in 
liquid chlorine at — 80°. 

Chloride of sodium occurs as rock-salt in large deposits in 
various geological strata, in solution in sea-water and brine 
springs, and in small quantities in all running water. The chief 
FiUropean deposits of salt occur in the trias formation. The 
most important in England are those at Northwich and Winsford 
in Cheshire, at Fleetwood in Lancashire, and at Middlesboro’ 
in Yorkshire. On the Continent important deposits occur at 
AVeilizca in Galicia, at Eeichenhall, Hallein, Berchtesgaden, 
and other localities in the Tyrol, and at Stassfurt in the north 
of Germany. Rock-salt occurs also in France, Spain, and 
Switzerland, and in Asia, Africa, and America, in various localities. 

The Cheshire salt-beds occur in the keuper (triassic) beds. 
They are two in number, separated by about thirty feet of clay : 
they are together about sixty yards thick, and extend over an 
area of sixteen miles by ten. 

The methods adopted for raising and working the salt differ 
widely, according to the nature of the deposit and its situation. 
Sometimes the rock-salt is mined and brought up to the surface ; 
generally, however, salt springs or brine wells are artificially 
constructed by sinking a bore-hole through the overlying strata 

^ Korbs, ZeU. Kryst. Min., 1907, 43, 451. 

2 Argo, Mathers, Humiston, and Anderson, J. Physical Chem., 1919, 23, 
348. 

* Chem, News, 1869, 20, 271. 
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to the salt-bed, and allowing water to pass down this boring. 
The water soon becomes saturated with salt, and it is then 
pumped up and the salt obtained by evaporation, either by 
means of fuel or by exposure to air. 

The process of evaporating the brine, 100 parts by weight 
of which in Cheshire usually contain 23*3 parts of salt, is of the 
simplest kind. Indeed if has not been improved since the time 
of the Romans, and although very numerous patents for the 
purpose have been taken out, no economy in fuel has been 
effected. The brine is evaporated in large shallow iron pans 
heated by means of fires placed beneath. The appearance and 
quality of the salt deposited depend upon the temperature 
at which the brine is kept and the rapidity with which the 
process of evaporation is conducted. The Cheshire brine con- 
tains about 1*65 per cent, of calcium sulphate and about 0*05 
per cent, of magnesium chloride. The first of these salts is 
deposited as pan-scale when the brine is boiled down. 

In Germany, where fuel is dear, the brine is sometimes evapor- 
ated by exposing it to the action of the air by a process termed 
“ graduation.” After having been allowed to trickle several 
times over high walls of fagots and thus become more concen- 
trated, it is boiled down in pans. 

Preparation of Salt from Sea-water , — The evaporation of 
sea-water in salterns, or brine-pans, by the aid of air and the 
sun’s heat has been carried out from very early times. In 
England, at Hayling I.sland near Portsmouth, and at Lymington, 
and in Scotland at Saltcoats on the Ayrshire coast, such salterns 
have been in use quite recently. In countries more favoured by 
sunshine, such as the coast of France, Sicily, Portugal, and 
Spain, these salterns are more numerous. When this salt, 
termed Bay-salt, is deposited, a mother-liquor called Bittern is 
left. This consists of the chlorides, sulphates, and bromides of 
magnesium and potassium, and from this bromine is obtained. 

All common salt contains a small quantity of sodium sul- 
phate, calcium sulphate, and magnesium chloride. The presence 
of the last compound renders the salt liable to become damp 
in the air, and it often attacks the iron pans, causing the presence 
of traces of ferric chloride in the salt. 

In order to prepare chemically pure sodium chloride from 
common salt, hydrochloric acid gas is passed into a saturated 
solution of salt. A precipitate of the pure chloride is thrown 
down, the alkali sulphates and magnesium chloride remaining 



SODIUM AND THE HALOGENS 


267 


in solution. The precipitate is transferred to a filter, washed with 
concentrated hydrochloric acid, and then dried and fused in a 
platinum basin. 

Properties , — Sodium chloride crystallises in cubes. Rock- 
salt is usually found in cubical crystals, sometimes, however, 
in octahedra and intermediate forms. It possesses an agreeable 
saline taste and a specific gravity at 0° of 2*16. Rock-salt is 
highly diathermanous, that is, it permits the heat rays, dark as 
well as visible, to pass through it ; hence it is a valuable substance 
in thermal researches. Sodium chloride melts at 815-4° (Meyer, 
Riddle, and Lamb), 808° (Amadori),^ and begins to volatilise at 
temperatures not ffir removed from its melting point; hence it 
cannot be fused without loss (Stas). It boils at 1750° (Emich).^ 
Paal ^ has prepared a colloidal form of sodium chloride. 

When heated with silicic or boric acid, sodium chloride is 
decomposed, with liberation of hydrochloric acid and forma- 
tion of a silicate or borate."* It has been proposed to utilise 
the former of these reactions for the manufacture of sodium 
carbonate, but without practical success. Sulphuric acid decom- 
poses it, hydrochloric acid and hydrogen sodium sulphate or 
the normal sulphate being formed. 

According to the experiments of Berkeley,® one hundred 
parts of water dissolve the following quantities of sodium 
chloride at the corresponding temperatures : 

Temp. 0° 10° 20° 30° 40° 60° 80° 100° 107-7° 
NaCl. 35-74 35-78 35-94 36-16 36-47 37-19 e38-02 39-12 39-65 

The boiling point of the saturated solution is 107-7° at 745 mm. 
pressure (Berkeley). The specific gravity of salt solutions of 
different strengths is, according to Gerlach,® as follows : 

Pcrccntago of NaCl. * 6 10 15 20 25 

Specific gravity at 15". 1-03624 1-07335 1-11146 1-15107 1-19228 

Chloride of sodium is nearly insoluble in absolute alcohol. 

AVhen the temperature of a saturated solution of sodium 
chloride is lowered to —10°, a crystalline hydrate separates out ^ 

1 Ath R. Accad, Lined, 1912, [51, 21, i. 407. 

* Verh. (jcs dent. Naturforsch, Aerzie, 1910, li. 05. 

» Ber,, 1900, 39, 1430, 2859; Paal and Kuhn, Ber„ 1908, 41, 51. 

* For a quantitative investigation of such reactions see Clews and Thompson, 
Journ, Chem. Soc., 1922, 121 , 1442. 

» Phil Trans., 1904, [A], 203 . 200. 

* Zeil anal Chem., 1809, 8, 279. 

’ J^witz, CreU, Ann., 1793, i. 314. 
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having the composition NaCl,2H20; this is obtained also by 
cooling a solution of sodium chloride in hot hydrochloric acid, 
in which it is sparingly soluble.^ When brine is further cooled 
to —22°, acicular bundles of crystals separate out as a eutectic 
mixture ^ containing 23-7 per cent, of sodium chloride. 

Sodium chloride is frequently found as rock-salt in blue 
crystals, which become colourless when heated, A similar 
coloration can be produced by exposing colourless crystals to 
the vapour of metallic sodium or potassium, to the cathode 
rays, and to the radiation from radium. The artificial coloration 
appears to be due to the presence of either the metal or a sub- 
chloride, but it has not yet been definitely ascertained whether 
the natural coloration is due to the same cause or to the presence 
of an organic colouring matter.^ 

Sodium Bromide, NaBr, and Sodium Iodide, Nal, are prepared 
by processes similar to those employed in the case of the corre- 
sponding potassium salts, the latter being more largely used 
(p. 316). Both crystallise from hot concentrated solution in 
anhydrous cubes, whilst if the solutions be allowed to evaporate 
at the ordinary temperature, monoclinic prisms are deposited. 
These contain two molecules of water of crystallisation, 
NaBr,2H20 and NaI,2Il20, and are isomorphous with the corre- 
sponding hydrate of sodium chloride ; hydrates with SllgO also 
exist at low temperatures. The bromide melts at 748°, and the 
iodide at 662°.^ Both sodium bromide and sodium iodide have 
been prepared in a colloidal form by Paal.^ Sodium iodide 
reacts with liquid sulphur dioxide to form a sulphone, 
NalgjSSOg, which is amorphous.® 

Sodium Hypochlorite, NaClO, may be prepared by passing 
chlorine over powdered sodium carbonate slightly moistened 
with water; it is, however, usually obtained in solution on the 
small scale by passing chlorine into a solution of caustic soda, 
which yields a mixture of the chloride and hypochlorite : 

2NaOH + CI2 - Naa + NaClO + HgO. 

Traces of iron render these solutions unstable, but in the absence 

^ Bevan, Chem. News, 1877, 35, 17. 

* Matignon, Compt. rend., 1909, 148, 550. 

* See AVohlcr and Kasamowski, ZeiL anorg. Chem., 1905, 47, 363, where 
the various possibilities are discussed and references to the literature given; 
and Siedcntopf, Phyaikahsche Zeit., 1905, 6, 855. 

Amadori, Atti R, Accad. Ltncei, 1912, [5], 21, i. 467. 

» Ber., 1906, 39, 2869; Paal and Ktihn, Ber„ 1908, 41, 61. 

* de Forcrand and Taboury, CompL rend., 1919, IBS', 1263. 
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of iron fairly stable solutions, yielding about 30 per cent, of 
available chlorine, can be prepared. More concentrated solutions 
are obtained by cooling the original solution to —10°, removing 
the precipitated sodium chloride, replacing this with an equivalent 
weight of caustic soda, and again saturating with chlorine. By 
repetition of this process a solution of sodium hypochlorite 
approximately 5N is obtained, from which the crystalline salt 
is deposited at —10° in fine tetragonal needles, m. p. 18 — 19°, 
containing six or seven molecules of water of crystallisation. 
These crystals are much more stable than the solutions from 
which they crystallise.^ They melt to a cloudy liquid which, 
at the ordinary temperature, deposits large crystals of the penta- 
hydrate, NaClOjSIIgO, which melts at 27° and is also very 
deliquescent but may be preserved unaltered in well closed 
vessels. 

Sodium hypochlorite in aqueous solution may decompose in 
either of the following ways : 

(i) 2NaC10 2NaCl + O 2 . 

(ii) 2NaC10 NaCl -f NaClO^. 

Eeaction (i) occurs at 25° even in the dark and is much accelerated 
by light, especially that corresponding to the absorption band 
in the ultra-violet shown by the solution : ^ reaction (ii) is 
favoured by rise of temperature and represents the main change 
at about 50°.^ The further change to chlorate occurs according 
to the equation : NaClO + NaClOg NaC 103 + NaCl. 

Technical Preparation , — Sodium hypochlorite in solution 
was known about 1790, and in 1820 it was well known as Eau 
dc Labarraque, and subsequently as Eau de Javelle indiscrimin- 
ately with the potassiiun hypochlorite solution. The solution 
was first made by passing chlorine into a soda solution, but 
afterwards by decomposing bleaching powder by a soda solution 
or by sodium sulphate ; these solutions have been made in large 
quantities in South Lancashire and France for bleaching purposes ; 
they contain 7 to 15 per cent, of available chlorine. 

Still weaker solutions are now prepared in large quantities 
at a number of paper and bleaching works by electrolysing 
a solution of common salt under suitable conditions so that the 
hypochlorite shall not be converted into chlorate, nor yet reduced 

^ Muspratt and ShrapneU-Smith, J, Soc, Chem. Imi,y 1898, 17, 1090; 1899, 
18, 210. Applobcy, Journ, Chem, Soc,, 1919, 116, 1106. 

2 Lewis, Journ, Chem, Soc., 1912, 101, 2371. 

* Foorstor and Doloh, Zeit, Eleklrochem,, 1917, 23, 137. 
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by the escaping hydrogen to chloride. The solutions are there- 
fore made only weak, seldom exceeding 1 per cent, of available 
chlorine, but as they are manufactured where used, this is no 
disadvantage. The first practical process was that of Hermite 
in 1884, since when numerous variations have been introduced ; 
a full account of these has been given by Engelhard t,^ and the 
theory of the process has been described by Abel.^ The solutions 
frequently contain hyjiochlorous acid. 

The crystals prepared by Muspratt and Smith in their first 
experiments melted at about 20° and then rapidly decom- 
posed, so that there was little prospect of making this material 
technically useful; but in 1903 Muspratt, by drying the crystals 
in a vacuum, obtained a powder melting about 45° and con- 
taining from 40 to 60 per cent, of available chlorine. 

Sodium Chlorafey NaClOa- — This salt is obtained, according to 
Muspratt and Eschelmanns process, by saturating milk of 
magnesia with chlorine and adding sodium carbonate to the 
resulting solution of magnesium chloride and chlorate. The 
liquor, after fiftermg from precipitated carbonate, is boiled down, 
the sod’um chloride fc:,Vie(i out as it separates, and the sodium 
chlorate purified by recrystallisation. In Pechiney’s process the 
solution of calcium chlorate and chloride obtained by passing 
chlorine into hot milk of lime is evaporated dowui and as much 
as possible of the calcium chloride removed by crystallisation, 
the liquid being then decomposed with salt-cake : 

CaCl2 + Ca(C103)2 + 2Na2S04 - 2CaS04 + 2NaCl + 2NaC103. 

According to the process of Best^ it is manufactured also by 
acting with chlorine on a solution of sodium carbonate or bicar- 
bonate at temperatures not exceeding 35°, the reaction being 
probably : 

3Na2C03 4- 3CI2 ^ NaClOg + 5NaCl SCOg. 

It is also prepared by the electrolysis of the chloride in a similar 
manner to the potassium salt. 

Sodium chlorate is dimorphous, crystallising in combinations 
of the cube and tetrahedron showing also tetartohedral faces, 

^ Ihj'pofhlorite und elektrinche Bleichr, 1903. Soo also Allmand, Applied 
Electrochemistry t 1912, p. 318; and Kershaw, J, Eoc. Ckem. Ind., 1912, 
31, 54. 

* Hypochlorite und elektrische Bleichet 1905. 

* J. Soc, Chem. Ind., 1895, 14, 865. See also Grossmann, J. Soc. Chem, 
Ind,, 1896, 15, 158. 
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or in rhombohedral forms of the hexagonal system. It has a 
sp. gr. of 2*29, and becomes damp when kept exposed to air. It 
is much more soluble in water than the potassium salt, 100 parts 
of water dissolving, according to Kremers : 

At 0° 20^ 40° 60° 80° 100° 120° 

Parts of NaClOg 81-9 99 123*5 147*1 175*6 232*6 333*3. 

It dissolves readily also in warm alcohol. 

Sodium chlorate melts at 302° (Carnelley), 248° (Retgers), 
and is then for the most part converted into sodium chloride 
and perchlorate, with evolution of only a small quantity of oxygen 
(Schlossing). It is used chiefly in the manufacture of aniline 
black, its greater solubility making it more suitable for this 
purpose than the potassium salt. 

Sodium PercMorale, NaC104, is prepared by heating the 
chlorate or by neutralising perchloric acid with soda, and is 
manufactured in quantity from sodium chloride by electrolysis. 
It is very soluble in water, from which it crystallises at the ordinary 
temperature in long pointed plates containing one molecule of 
water, and at 50° in anhydrous rectangular prisms.^ It occurs 
in small quantities in Cliili saltpetre. 

Sodium and Sulphur. 

140 Sodium Sulphides, — These compounds are prepared in a 
similar manner to the corresponding potassium salts (p. 351), 
which they closely resemble. The monosulphide, NagS, crys- 
tallises with 91120 at ordinary temperatures; hydrates uith 
6H2O and M ith 5ill20 are formed from solutions above 48°.- The 
hydrosulphide, NallS, crystallises with 2H2O and 3H2O, and 
is also obtained as an anhydrous powder by heating the sulphide 
at 310° in a current of hydrogen sulphide.^ If pure anhydrous 
sodium hydrosiilphide, prepared by the action of hydrogen 
sulphide on sodium ethoxide in absolute alcohol, is heated 
slowly and the hydrogen sulphide removed as it is formed, a 
quantitative yield of pure sodium sulphide, NagS, results as a 
light buff powder.^ 

By the action of sulphur on sodium hydrosulphide in alcoholic 

* Pt)tilitzin, J. Runs. Phi/s. Chem. Soc.^ 1889, i. 258. 

* Parravatio and Fornami, AtU 11. Afcad. Lincei, 1907 [5], 16, n. 464. 

* Uonnan Patent, 194881. 

* Rule, Journ. Chem, Soc., 1911, 99, 668, 

® Thomas and Rule, Journ. Chtm, Soc., 1913, 103, 871. 
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solution, sodium tetrasulphidey Na 2 S 4 , is obtained as a dark 
greenish-yellow crystalline powder. It reacts witli metallic 
sodium in absolute alcohol to give the disulphidey NagSg, as a 
bright yellow, microcrystalline powder, readily soluble in water 
to form a deep yellow solution.^ Whilst these are the only 
anhydrous polysulphides isolated, there is evidence that Na 2 S 3 
and Na 2 S 5 exist in aqueous solution, and a crystalline salt, 
Na2S5,7H20, has been obtained.^ The disulphide is relati\ely 
stable, losing sulphur only at 700—800°.® 

By the action of selenium or tellurium on a solution of sodium 
in liquid ammonia, the selenides, NagSe, Na 2 Se 4 , and tellurides, 
NagTe, NaoTeg, are formed.^ Sodium sulphide is prepared on 
the large scale, and used in the manufacture of soluble soda-glass. 

Sodium Hyposulphite y Na 2 S 204 . — This salt, the formation and 
preparation of which have already been discussed (Vol. I., 
p. 451),® is used by the dyer and calico printer as a reducing 
agent for indigo, and is also employed in the laboratory for the 
purpose of estimating free oxygen or the quantity of that element 
contained in substances from which it is readily evolved. It 
has been obtained also by the direct action of sulphur dioxide 
on sodium hydride ® according to the equation : 

2NaH + 2 SO 2 - Na 2 S 204 + Hg. 

According to Binz and to Reinking, Dehnel, and Labhardt,® 

0 Na Na 

this salt has the constitutional formula J 1 , 

0==:;S-0-S-0 

which represents it as an anhydro-salt of sulphurous acid, 
II SOg.OH, and of the hypothetical sulphoxylic acid, II.SO.OII. 
This constitution is confirmed by its behaviour with organic 
reagents.^ 

Normal Sodium Sulphite, NagSOa. — The anhydrous salt is 

^ Rule and Thomas, Journ, Chem, Soc , 1914, 105, 177. 

* See also, however, Yeoman, Journ Chem. Soc., 1921, 119, 38; Bloxam, 
Journ. Chem. Soc., 1900, 07, 761 ; Locke and Austell, Amcr. Chem. J ., 1898, 
20, 692; Blanksma, Vroc. K. Akrid. Welenseh. Amsterdam, 1901, 3, 467. 

* Thomas and Rule, Journ. Chem. Soc., 1917, 111, 1063. 

* Hugot, Cempt. rend., 1899, 129, 299, 388. 

® Sec also Bull. Soc. Ind. Mulhouse, 1904, 74, 348; Ber., 1905, 38, 1048; 
Jelhnek, Zeit. anorg. Chem., 1911, 70, 93. 

® Moissan, Compt. rend., 1902, 135, 047. 

’ Zett. Fahr. u. Textil. Chem , 4, 101. 

« Ber., 1906, 38, 1075. » Ber., 1900, 39, 3317. 
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obtained as a crystalline precipitate by heating a cold saturated 
solution of the hydrated salt, and remains unaltered in the air. 
The hydrate NagSOgjTHgO is prepared by saturating a solution 
of a known quantity of sodium carbonate with sulphur dioxide, 
and then adding the same quantity of sodium carbonate. The 
crystals which are deposited are transparent monoclinic prisms, 
which lose the whole of their water at The anhydrous 

salt crystallises in short hexagonal prisms.^ The solution has 
an alkaline reaction and sharp taste. Crystals of the hydrate 
NagSOgjlGHgO are obtained, according to Muspratt, by allowing 
the aqueous solution to evaporate over sulphuric acid. 

The solubility of the anhydrous salt is almost independent of 
the temperature ; 100 parts of water dissolve 28-01 parts at 37*^ 
and 28-26 parts at 84^^. The solubility of the hydrate 
NagSOgjYHgO is as follows : — 100 parts of water dissolve ^ 

At 2° 10 6^ 18-2° 29° 37-2° 

Parts of NaaSOg 14-82 20-01 25-31 34-99 44-08 

Tlic transition temperature of the two modifications is about 
22°.i 

Sodium sulphite is used as an ‘‘ antichlor ’’ to remove any excess 
of clilorine from fabrics which have been bleached with chloride 
of lime, and sometimes also as an antiseptic. 

Sodium Hydrogen Sulphite, NaHSOg. — If a solution of sodium 
carbonate is saturated wuth sulphur dioxide whilst cold, this 
salt separates out in cloudy crystals, and alcohol precipitates it 
from a(|ucous solution as a white powder. It has an acid 
reaction, smells of sulphurous acid, and has an unpleasant 
sulphurous taste. A saturated solution of this salt is a com- 
mercial article, used by brewers for sterilising casks, etc. 

Sodtum Disulphte or Sodium Metabisulphite, NagSgOg, or 
Na.SOg.O.SOg.Na, is obtained by supersaturating a soda solu- 
tion with sulphur dioxide, and may be prepared on the large 
scale by passing sulphur dioxide into dry monohydrated sodium 
carbonate, NagCOgjIIgO.^ It is a white crystalline soluble 
salt, which gradually evolves sulphur dioxide in the air and is 
converted into sodium sulphate. 

Normal Sodium Sulphate, Na^SO^.— This compound is commonly 
known in the anhydrous state by the commercial name of Salt- 

^ llarLloy and Barrett, Joum. Chem. Soc., 1909, 95, 1178. 

* Carey and Hurter, Patent 4512, Nov. 18825 J. Soc» Chem, Ini,, 1883, 2, 
349. 

VOL. II. (l.) T 
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cake^ whilst the hydrate, Na2SO4,10H2O, is called Glauber's salt. 
We find the first mention of this salt in Glauber’s work, De naiurd 
salium, published in 1658. He obtained it as the residue left 
in the preparation of hydrochloric acid by the action of oil of 
vitriol upon common salt, and believed this simple aperient 
to be possessed of most valuable medicinal properties, whence 
it came to be known as Sal ynirabile Glauber i. 

The salt occurs native in the anhydrous condition as thenard- 
ite, and in solution in sea-water and in the water of salt-lakes, 
as w'ell as in large quantities in certain mineral springs. Thus 
the w'ater at Friedrichshall contains large quantities of the salt, 
wdiich since 1767 has been obtained by evaporation and used 
in medicine as Sal aperitivum Frideridanum. A native com- 
pound of sodium sulphate with calcium sulphate, Na2S04,CaS()4, 
termed glaubente, is also found in several localities. 

Sodium sulphate is prepared as salt-cake, the first step in the 
manufacture of carbonate of soda by the Leblanc process. The 
details of production are described under the head of the alkali 
manufacture. 

Sodium sulphate is obtained as a residue in many chemical 
operations, especially in the preparation of nitric acid from Chili 
saltpetre in the suljdiuric acid manufacture. 

If ordinary Glauber's salt is allowed to remain exposed to the 
air, or more quickly if heated, the anhydrous salt is obtained; 
and if a solution of Glauber's salt saturated at about 35'^ is 
slightly heated, rhombic crystals of the anhydrous salt separate 
out. These are identical in form with crystals of thenardite, 
and isomorphous with those of silver sulphate, Ag2S04. It has 
a specific gravity of 2*655, melts at 883'^,^ possesses a saline 
bitter taste, has a neutral reaction, and does not dissolve in 
alcohol. When heated on charcoal before the blowjiipe in the 
reducing flame, sodium sulphide is formed. 

One hundred parts of water dissolve the following quantities 
of the salt calculated as anhydrous sodium sulphate (Mulder : 

At 0^ 10^ 20^ 30'’ 34’ 40^* 

Na2S04 5*02 9*00 19*40 40*00 55*00 48*8 

At 60’ 60’ 70’ 80’ 90’ 100’ 103 5’ 

Na2S04 46*7 45*3 44*4 43*7 43*1 42*5 42*2 

The saturated solution boils at 103*5® (Mulder), 101*9® (Berkeley). 
Its abnormal solubility has already been discussed (p. 122). 

^ Nacken, Chem, Centr., 1908, i. 1860. 

* Compare Berkeley, PItil, Trans,, 1904, [A], 203» 209. 
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Hydrated Sodium Sidphate, — The decahydratc, Na^SO^^lOHgO, 
commonly known as Glauber’s salt, crystallises from aqueous 
solution at the ordinary temperature in large colourless mono- 
clinic prisms, which are isomorphous with chromate and selenate 
of sodium. These crystals effloresce on exposure to dry air, 
melt in their water of crystallisation at 32 * 48 °, and lose the 
whole of it below 100°. 

The Hepta-hydrated Salt^ Na2S04,7ir20, is deposited in hard, 
clear, rhombic crystals when a supersaturated solution of the 
decahydrate is allowed to cool below 12°, or when such a solution 
is covered with a layer of warm alcohol of specific gravity 0 * 835 .^ 

Sodium Hydrogen Sulphate, NaTIS04. — This salt, commonly 
known as bisulphate of soda, is obtained in large triclinic prisms 
when equivalent quantities of sodium sulphate and sulphuric 
acid are dissolved in water and the solution evaporated at a 
temperature above 50 °. Unlike the corresponding potassium 
salt, it is decomposed by dry alcohol to form an intermediate 
sulphate, Na2S04,NanS04,- which crystallises in lustrous needles.^ 
A hydrated salt, NaIIS04,H20, is also known (D’Ans.). Ordinary 
“ nitre cake ” consists mainly of the intermediate sulphate, 
Na2S04,NaIIS04, mixed with either Na2S04 orNaHB04in excess, 
accordjiig as the “ acidity ” is below or above 18 per cent. 112804.'* 
A complete investigation of the equilibrium between sodium 
sulpliates and water with sulj)huric acid, from — 30 ° to 120°, 
lias shown that Nall804,Il2S04 ; NanS04,H2S04,l*5H20; and 
Na2S04,2NaHS04 also exist.^ 

Sodium Disulphate, Na28207, is formed by heating sulphur 
trioxidc with common salt (Rosenstiel) : ' 

2 NaCl + 3SO3 - NagSgO^ + 8O2CI2. 

The same compound is formed by the gentle ignition of sodium 
hydrogen sulphate. AVhen more strongly heated, it yields sulphur 
trioxidc and normal sulphate. 

Sodium Thiosulphate, Na2S203. — This salt, discovered in 
1799 by Chaussier, and still commonly known by its old name 
of hyposulphite of soda, is prepared on the large scale for use 
as an antichlor in the paper manufacture, and as a solvent 

^ CV) in pare Hartley, Junes, and Hutchinaoii, Journ. Chem. Soc , 1908, 93 , 
825; (Jemez, Compt. rend , 1909, 149 , 77; Smits and Wuite, Proc. K Akad, 
)yeten,Hch. Am^terdanit 1909, 12 , 244. 

* Butler and DunniclifT, Journ. Chem. Soc., 1920, 117 , 649. 

* D’Ans, Per, 1906, 39 , 1634. 

* Butler and Dunnicliff, loc. cit. 

® Pascal and Ero, Bull. Soc. chim., 1919, [4], 25 , 36. 
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for the unaltered silver bromide in photography. It is obtained 
by boiling sulphur with soda-lye, and passing sulphur dioxide 
into the yellow solution until colourless, or by boiling sodium 
sulphite with sulphur. A cheaper process is to decompose 
the soluble calcium thiosulphate obtained by the oxidation 
of alkali waste, either by means of sodium carbonate or sulphate. 
The solution of sodium thiosulphate is drawn off from the car- 
bonate or sulphate of calcium and evaporated down in iron pans. 
The anhydrous salt is obtained by passing oxygen or air over 
anhydrous sodium sulphide at 100 — 150®.^ 

Sodium thiosulphate forms large transparent prisms belong- 
ing to the monoclinic system which contain SllgO. The salt is 
odourless, possesses a cooling taste, and does not exhibit an 
alkaline reaction, nor does it undergo alteration in the air. The 
crystals melt in their own water at 48-5'", and when heated 
to 215° all the water is driven off, whilst at 220° they decom- 
pose with separation of sulphur (Pape). The salt has a specific 
gravity of 1-672, is very soluble in water, in which it readily 
forms supersaturated solutions, but does not dissolve in 
alcohol. 

Sodium thiosulphate forms a large number of hydrates, and the 
equilibrium curve of this substance and water is very complex.- 
The ordinary pentahydrate is stable in contact with water at 
all temperatures up to 18-2° ; from this point to 65° the dihydrate 
is stable, and above 70° the anhydrous salt. Isomeric hydrates 
\vith 5II2O and 2H2O also exist as well as hydrates with 6H2O, 
4H2O, l^HgO, 4/3H2O, IHgO (3 isomerides), and ^HgO. 

The aqueous solution cannot be preserved for any length of 
time without decomposition, as it very slowly deposits sulphur 
and is partially converted into sulphite : it is rapidly decomposed 
by ultra-violet light, with deposition of sulphur, and in dilute 
solution sodium hyposulphite can be detected as a primary 
product of this decomposition.^ Sodium thiosulphate is repre- 


sented by the formula ^ S02|gNa* 


When treated with sodium 


^ German Patent, 194882. 

* Taylor. Proc, Hoy, Soc., Edm., 1898, 22, 248; Young and Mitchell, 
J, Amer. Chem. Soc., 1904, 26, 1389, 1413; Young and Burke, J, Amer. Chan. 
Soc., 1906, 28, 315; Dawson and Jackson, Joum. Chem. Soc., 1907, 91, 562; 
Jones, tbid., 1909, 95, 1672. 

® Marmier, Compt. rend., 1912, 154, 32. 

^ Compare Vol. I. p. 458; also Price and Twiss, Journ. Chem. Soc., 1907, 
91, 2024. 




SODIUM AND NITROGEN 


277 


amalgam it yields sodium sulphite and sodium sulphide : 

NagSgOg + 2Na == NagSOg + NagS. 

It is acted upon by iodine in aqueous solution at the ordinary 
temperature with formation of sodium tetrathionate : 

2Na2S203 + Ig = 2NaI + Na2S40g, 

and is largely employed in volumetric analysis in association 
with the estimation of iodine. Ferric salts also convert it into 
tetrathionate.^ 


Sodium and Nitrogen. 

14 1 Sodium Azoimide^ NaNg, obtained by warming sodamidc 
in a current of nitrous oxide, forms hexagonal crystals readily 
soluble in water. It can be kept molten for some hours without 
decomposition.^ 

Sodamidc^ NaNIIg. — This compound, discovered by Gay- 
Lussac and Thenard, is prepared by passing dry ammonia gas 
over sodium heated to 300 — 400° in an iron retort, and forms a 
waxy mass of crystalline structure, which is white when pure 
but frequently has a greenish or olive-brown colour.® It melts 
at 210°/ and at a temperature of 500—600° slowly decomposes 
into its elements, but does not, as stated by Gay-Lussac and 
Thenard,® yield a nitride of the formula NagN. When heated 
in a current of carbon dioxide sodamidc glows with formation 
of caustic soda and cyanamide. 

Sodium Nitrite, NaNOg, is formed when the nitrate is heated, 
and is usually manufactured either by the electrical oxidation 
of atmospheric nitrogen (Vol. I., p. 551), or by heating sodium 
nitrate with lead, or with charcoal or sulphur in presence of caustic 
soda.® To obtain the pure salt, silver nitrite is treated with the 
equivalent amount of a solution of sodium chloride, or nitrous 
fumes from nitric acid and starch or arsenious acid are passed 
into a solution of caustic soda or sodium carbonate.*^ The salt 
is faintly yellow, melts at 271°, and yields a yellow solution 

^ Hewitt and Mann, Joum. Chem, Soc , 1913, 103, 324. 

* Curtins and Kissom, J. pr. Chem., 1898 [2], 58, 201 ; Dennis and Benedict, 
Zeit. anorg. Chem., 1898, 17, 18. 

® Tithorloy, Journ. Chem. Soc , 1894, 65, 604. 

* Wohler and Stang-Lund, Zeit. Ehktrochmn., 1918, 24, 261. 

* 8ce, however, Zehnder, Ann. Fhys, Chem., 1894, 52, 50. 

* See Morgan, J. Soc. Chem. Ind., 1908, 27, 483. 

’ Divers, Joum. Chem. Soc., 1899, 75, 86, 
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in water faintly alkaline to litmus (Divers). According to 
Boguski, the pure dry salt is colourless.' It crystallises in oblique 
four-sided prisms or transparent rhombohedra, and is somewhat 
hygroscopic; at 15°, 100 parts of water dissolve 83*3 of the salt. 
It is largely used in making synthetic dyestuffs. 

Sodium Nitrate, NaNOj. — This salt, commonly known as 
cubic saltpetre or Chili saltpetre, is of special liistorical interest, 
as it was by the examination of differences in crystalline form 
exhibited by this compound and ordinary nitre that the distinc- 
tion between the alkalis potash and soda was first observed by 
Bohn in 1683. Boyle, somewhat later, noticed that cubic salt- 
petre was formed in the ])reparation of aqua regia from common 
salt and nitric acid, and Stahl first pointed out the distinct 
character of the alkali-basis of common salt, and fully described 
the preparation of cubic saltpetre. 

Sodium nitrate occurs in nature as a wide-spread deposit known 
as Caliche in the rainless districts of Tarapaca, Peru, Northern 
Chili, and Bolivia.^ In these beds it is 
associated with common salt, gypsum, 
sodium sulphate, and smaller quantities 
of sodium iodate, chlorate, and per- 
chlorate, the crude material containing 
from 27 to 65 per cent, of the pure 
salt. This is purified by solution and 
crystallisation. After refining, the salt 
contains about 97*7 per cent, of pure nitrate, 1*81 of sodium 
chloride. 0*35 of sodium sulphate, and 0*1 1 of water.® 

The best mode of separating the last 2 per cent, of sodium 
chloride is to add to the boiling and saturated solution one- 
tenth of its weight of nitric acid, stir it until cool, and collect 
the precipitated nitrate, which may then be washed by a dilute 
acid and afterwards dried. 

Sodium nitrate crystallises in obtuse rhombohedra,^ whose 
interfacial terminal edge angle is 106° 36' (Fig. 95), and is therefore 
isogonous with calcspar. 

The specific gravity of the salt is 2*26. It melts without 
decomposition at 316 -318° (Carnelley), and when ignited under- 
goes decomposition with evolution of oxygen, nitrogen, and 



* J. Russ. Pfujs. Chetn. Soc., 1899, 31 , 54,3. 

* See Bryce’s Houth A nierica, pp. 42, 208. 

» Compare Newton, J. Soc. Chem. Ind., 1900, 19 , 408. 

* Senarmont, Compt, rend., 1854, 38 , 105; Barlow and Pojkj, Journ, Chem. 
8oc., 1908, 93 , 1538. 
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nitrous fumes. It is very soluble in water and deliquesces 
when exposed to moist air. One hundred parts of water dissolve ^ 

At 0° 10° 20° 40° 60° 80° 100° 119° 

Parts 73 80-5 88 104*9 124*6 148 175*5 208*8 

The solution containing 58*5 parts of the salt to 100 of water 
solidifies at — 18*5°, and the saturated solution boils at 119°. 

This salt dissolves also in dilute alcohol. One hundred parts 
of vspirit, containing 61*4 per cent, of alcohol, dissolve at 26° 
21*2 parts of sodium nitrate. It does not deflagrate so violently 
as nitre with charcoal or other inflammable bodies, but it has 
sometimes been used for making blasting and other powders 
which are not required to fire quickly. 

Sodium nitrate is used in considerable quantities for the 
manufacture of nitric acid and also of sulphuric acid, but much 
the largest quantity is employed as a manure, since it readily 
yields up its nitrogen to plants growing in soil where it is present. 
This salt and ammonium sulphate arc by far the most important 
sources of nitrogenous manure. In 1860 the output of the crude 
nitrate from South America was over 60,000 tons, and has 
greatly increased since that date, being about 761,000 tons in 
1888, and 2,500,000 tons in 1912. 

Sodium and Pjiospjioiuts. 

142 Smlinm Phosphnle, NagP. — Sodium dissolved in liquid 
ammonia reacts ^^ith red phosphorus to form a red com])ound, 
NogllgPo’ which loses phosphine when heated and is decomposed 
by water and acids with evolution of phosphine.- Phosphine 
also reacts with sodium in presence of liquid ammonia forming 
the compound, NaTIgP, which is converted by heat into the 
])hosphide, NagP. This is decomposed by water, yielding phos- 
phine.® An unstable phosphide, NagPr,, is formed when sodium 
and phosphorus are heated together in a vacuum at 450° for 
several days.^ 

Sodium Hypopho^diite, NaH2P02,H20. — This salt is obtained 
by adding sodium carbonate to a solution of calcium hypophos- 

1 Berkeley, PhiL Trans.^ 1904, f.l], 203, 211 ; Miers and Isaac, Journ. Chem. 
Soc„ 1900, 89, 428. 

* Hugot, Compt. tend., 1895, 121, 206; 1898, 126, 1719. 

* Joannis, Compt rend.^ 1894, 119, 557. 

* llackspill and Bossuet, Compt, rend., 1912, 154, 209. 
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phite, and allowing the solution to evaporate in a vacuum. 
Pearly tabular crystals are deposited, which deliquesce on 
exposure to the air, and are readily soluble in absolute alcohol. 
It is now employed in medicine for the same purposes as 
phosphorus. 

Sodium TrifhiophospJiiie, NagPSaaq., prepared by heating 
phosphorus trisulphide with crystallised sodium sulphide in 
excess in concentrated aqueous solution, forms very soluble 
rectangular plates, stable in dry air.^ 

Normal Sodium Orthophosphate^ Na3P04. — This salt, first 
described by Thomson ^ as phospho-carbonate of soda, is prepared 
by adding in the form of caustic soda at least half as much 
sodium as it already contains to a solution of the next salt, 
common sodium phosphate, and evaporating to the point of 
crystallisation. The hydrated salt crystallises out, the mother- 
liquor retaining the excess of caustic soda. The crystals freed 
from the liquor are rapidly dissolved in twice their weight 
of hot water, the liquid filtered, and then left to crystallise 
(Cfraham). The anhydrous salt may be obtained by fusing 
common sodium phosphate or pyrophosphate with an excess 
of sodium carbonate. The pyrophosphate is not altered by 
boiling with caustic soda (Graham). 

The crystals, containing 12HoO, form thin six-sided prisms, 
which do not change on exposure to air, and liave a specific 
gravity of 1-618. They melt at 73-3^, and at 100"^ lose all but 
one molecule of water, which is given off at a red heat. 100 parts 
of water at 15-5° dissolve 19-6 parts of the hydrated salt (Graliam), 
and the solution is strongly alkaline to litmus. A hydrate with 
7H2O has also been described.^ 

Di-sodium Hydrogen Orthophosphate^ Na2TIP04. — This salt is 
the common phosphate of soda, which was first prepared from 
urine, and described in 1710 by Ilaupt under the name of sal 
viirahile perlatum. It w^as afterwards obtained by neutralising 
phosphoric acid with soda, and in 1787 w^as introduced as a 
medicine by Pearson. It occurs in the blood of animals, and 
especially in the urine of the carnivora. It is best prepared from 
bone phosphoric acid by adding sodium carbonate so long as 
effervescence occurs. The precipitated phosphates of calcium 
and magnesium are then filtered off, and the liquid is boiled dow^n 
and allowed to crystallise. The large transparent crystals obtained 

^ P2pbriviro and Stein, Ber., 1911, 44, 3405. * Ann. Phil, 1825, 26} 381. 

9 Hall, Journ, Chem. Soc., 1887, 51> 97. 
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are monoclinic prisms containing I2H2O. They have a specific 
gravity of 1-525, melt at 35-0'^, and are isomorphous with the 
corresponding sodium hydrogen arsenate, Na2HAs04,12H20. 
Exposed to air, the crystals effloresce, but do not lose their form. 
They exist in two enantiomorphous forms, with a transition 
point at 29-6°.^ The commercial salt usually contains about 
2*5 per cent, of Na3P04.2 

The following is the solubility of the anhydrous salt in 100 
parts of water : 

At 10 2G'' 25 15° 40 29° 60 23° 99 77° 

NagHPO^ 3-55 12-02 54-88 8300 102-15 

There are three breahs in the solubility curve, at 36-45'’, 48°, 
and 95-2° respectively; the first corresponds with the transition 
from the hydrate with I2H2O to one with THoO, the second 
with that from the latter to a hydrate with 2H2O, and the third 
with the change from the dihydrate to the anhydrous salt. The 
dihydrate is obtained by fusing the dodecahydrate in its water 
of crystallisation and evaporating the resulting solution at 
70-75° ; the anhydrous salt is similarly obtained at a temperature 
of about 99*5°.^ The saturated solution boils at 105°. 

This salt is insoluble in alcohol; it possesses a cooling saline 
taste, and turns red litmus solution blue. Tlic solution is 
usually faintly alkaline to phenolphthalein ; this alkalinity is 
ascribed by Geissler^ to the presence of sodium carbonate, 
Avhereas according to Brunner^ it is a property of the pure salt. 

Common sodium phosphate is used as a mild purgative. The 
commercial salt frequently contains sodium sulphate, which can 
be removed by recrystallising from hot water. 

Di-hydrogen Sodium Phosphate, NaH2P04. — To prepare this 
salt phosphoric acid is added to a solution of common sodium 
phosphate until the mixture no longer precipitates barium 
chloride. It is then evaporated to a small bulk, and allowed to 
stand for some days to crystallise (Mitscherlich). This salt is 
dimorphous, two kinds of large transparent crystals separating 
out, containing one molecule of water ; according to Mitscherlich, 
both are forms of the rhombic system, but according to Joly and 

^ Hammick, Goadby, anti Booth, Journ, Cketn. Soc., 1920, 117, 1589. 

® Smith, J. Soc, Chem. Ind,, 1917, 36, 415. 

® Shiomi, Mem, Koll, Set, Eng, Kyoto, 1908, 1, 406; Kitawaki, \b\d,, 
1909-10, 2, 237. 

^ Zett, anal, Chem., 1898, 37, 323. 

Ihxd., 1898, 37, 740. 
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Diifet, one of the varieties is monoclinic.^ Hydrates with 2H2O 
and 4 HoO are also known.^ 

The crystals have an acid reaction, and a specific gravity of 
2-0 1. They lose all their water of crystallisation at 100"^, and 
at 201® lose the elements of water (Graham) with formation of 
acid pyrophosphate : 

2 NaTr 2 P 04 - Na^HaPaO^ + H^O. 

At 210® they give off the whole of their water and form mono- 
metaphosphate : 

NaH2P04 - NaPOg + ILO. 

l)i-hydrogen sodium phosphate is very soluble in water, but 
not in alcohol. The solution is acid to litmus and phcnolphthalein 
but neutral to methyl-orange. 

Various double salts, such as NaII-(P04)/ and Na3TT.^(P04)2,'^ 
arc also known, and a sodium j^lyphosphatCy Na4PgOj7, lias been 
described which at high temperatures has a very corrosive action 
on glass, silica, and even platinum.^ 

Hodinm P//rop^osp/m/e.9.— These salts arc tetrabasic, and give 
with silver nitrate a white precipitate of silver pyrophos])hate, 
AgiPoOy: they do not coagulate albumen; their solutions when 
boiled with an acid yield the salts of the tribasic ortho-acid. 

Normal Sodi um Pyrophosphate, Na^PgO;,! OH ,0.— This salt 
is obtained in the anhydrous state as a colourless glassy mass 
by igniting common sodium phosphate. When it is dissolved 
in water, and the solution evaporated, crystals of the decahydrate 
are deposited in monoclinic prisms. The solution has an alkaline 
reaction. It is not converted into the ortho-salt by boiling alone, 
but this conversion takes place rapidly on addition of an acid, 
even acetic, to the boiling solution (Stromeyer). When gently 
heated, or exposed over sulphuric acid in a vacuum, it loses all 
its water. The solubility in 100 parts of water is : 

At 0’ 10 ^ 20'’ 30^ 40*^ 50'’ 60^ 80'’ 100'’ 

5-41 6-81 10*92 18*11 24*97 33*25 44*07 63*40 93*11 

Di-hydrogen Sodium Pyrophosphate, Na2H2P207, — This salt is 
prepared by heating common sodium phosphate to 150® with 

^ Compf. rend.y 188G, 102, 1301. 

2 Iraadsu, Mem, Koll. Set. Eng. Kyoto, 1912, 3, 257. 

* Giran, Compt. rend., 1902, 134, 711. 

* Scnclerens, Compt. rend., 1902, 134, 713. 

® Smith, J. 80 c. Chem. Ind., 1917, 36, 416. 
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strong hydrochloric acid, or by heating sodium di-hydrogen 
phosphate to a temperature of 190 — 204°, as already explained. 
It may be prepared also by dissolving the normal pyrophosphate 
in acetic acid, and precipitating the solution with alcohol ; it is 
thus obtained as a white crystalline powder, readily soluble in 
water, the solution having an acid reaction. 

Sodium Mela'phos'pliates, — These salts, which were first dis- 
covered by Graham (Vol. I., p. 670), exist in a large number 
of modifications, which all have the empirical formula NaPOg, 
but their molecular formula is probably in most cases some 
multiple of this. Great uncertainty exists as to the true molecular 
weights of the various salts. 

Sodium llexamelaphosphaie, (NaPOg),;, the most important of 
these salts, often called deliquescent, vitreous, or Graham’s 
metaphosphate, is prepared by heating to complete fusion 
either sodium di-hydrogen phosphate, microcosmic salt,^ or acid 
sodium pyrophosphate (v. Knorre), or, in a similar manner, 
from all the other metiiphosphates. The melted mass must be 
(juickly cooled, to avoid the formation of the trimetaphosphate. 
The product is a vitreous mass, soluble in water or alcohol, 
the solutions having a slightly acid reaction. The same salt 
appears to be formed by the action of sodium sulphide solution 
on the lead metaphosphate prepared by heating lead oxide with 
jihosphoric acid and fusing the resulting salt at a temperature 
above 400° (Fleitmann’s tetrametaphosphate).^ The solution 
gradually decomposes with formation of acid sodium pyro- 
phosphate. AVhen treated wdth ammonium chloride it yields 
a salt having the formula Na(NIl 4 ) 3 (r 03 )(., and hence is probably 
a hexametaphosphate. According to Tammann,^ it is a mixture 
of at least two isomeric hexametaphosphates. 

Insoluble Sodium Mela phosphate, (NaPOg),.. — This salt, whose 
molecular weight is unknown, but which is usually termed the 
monometaphosphale, is obtained by heating microsocmic salt 
at 335°, or sodium nitrate with a slight excess of syrupy phos- 
phoric acid. It is a w^hite pow’der almost insoluble in w^ater, 
but soluble in dilute acids, w^hich is converted by boiling caustic 
soda solution into sodium orthophosphate.'* 

Sodium Dimetaphosphafe, (NaP 03 ) 2 , 2 H ;,0 (Fleitmann). — This 

* (iraham, Phtl. Trans, 1833. 

* Warschaucr, ZeU. anorg Chem , 1903, 36, 188. 

» J. j)r. Chem., 1892 [2J, 45, 467. 

* Maddrell, Journ. Chem. Soc., 1851, 373. 
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is prepared by the action of a boiling solution of sodium sulphide 
on copper dimetaphosphate, which is obtained by heating a 
mixture of phosphoric acid with a copper salt or copper oxide, 
at a temperature not exceeding 448 °. It dissolves in 7*2 parts of 
water, and crystallises in slender needles. It has a strong 
tendency to form double salts.^ 

According to Tammann, it has the molecular formula (NaP03)3, 
whereas Warschauer,^ from the determination of the equivalent 
conductivity at different concentrations, concludes that this salt 
is in reality a tetrametaphosphate, the hydrated salt having the 
formula (NaP03)4,4Tl20. 

Sodium Trimetaphosphaie, (NaP03)3,6H20. — Some doubt also 
exists as to the true molecular formula of this salt. From a 
study of the normal salts which can be prepared from it, such 
as NaCa(P03)3, Fleitmann attributed to it the formula given 
above, but Tammann ® was led by the determination of the 
freezing point and electrical conductivity of a series of solutions 
to formulate it as the dimetaphosphate, Fleitmann’s dimeta- 
phosphate being considered on similar grounds as the trimeta- 
phosphate. V. Knorre ^ and Wiesler,’*^ on the other hand, decide 
for the original formula from the determination of the e([uivalent 
conductivity at various concentrations. 

It is formed when microcosmic salt is exposed to a moderate 
heat (Graham), and when the fused hexametaphosphate is 
allowed to cool slowly.® It is best prepared pure by heating 
ordinary sodium phosphate with one-third of its weight of 
ammomum nitrate fur six hours at 300 ° and recrystallising the 
product (v. Knorre). 

The cold solution in water is permanent, and neutral both 
to methyl-orange and phenolphthalein ; when boiled it becomes 
acid with formation of sodium di-hydrogen phosphate. 

In addition to these a large number of other metaphosphates 
have been described, namely, tetra-, penta-, octo-, deca-, and 
tetrakaideca-metaphosphates, having the general formula) : 

(MT03)4, (MTO3),, (M'P03)s, {MT03)io, and {WPO,),,, 

1 Pogg. Ann., 1849, 78 , 240, Glatzel, Diss. Wurzburg, 1880; quoted by 
V. Knorre, Zeti. anorg. Chem., 1900, 24 , 369. 

* Zeit. anorg, Chem., 1903, 38, 165. 

» Zeit. phijstkal. Chem., 1890, 6, 122; J. yr, Chem., 1892, L2), 46 , 417. 

* Zeit. anorg. Chem., 1900, 24 , 369. ® Ihid., 1901, 28 , 177. 

* Fleitmann and Hennel)erg, Annalen, 1848, 65, 307; Tanatar, J, Puss. 
Phys, Chem. Soc., 1898, 30 , 99, 
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Sodium and Arsenic. 

143 Sodium Arsenide^ AsNag, is prepared by heating arsenic 
with excess of sodium and removing the latter by liquid ammonia. 
It forms small black crystals.^ Sodium hismuthide^ NagBi, 
is similarly prepared, and forms dark-grey crystalline laminae, 
ni. p. 776°, readily attacked by air or water.^ The compound 
AsNa3,Nn3, which forms brick-red crystals, is also known.^ 
Sodium arsenates, — These salts closely resemble the corre- 
sponding phosphates, with which they are isomorphous. The 
normal arsenate, Na3As04,12H20, is soluble to the extent of 
26-7 parts in 100 of water at 17°, and melts at 85*5°; 
Na2HAs04,12H20, is efflorescent, crystallises from solutions 
below 8°, melts at 28°, and has a solubility of 56 parts in 1 00 of 
water at 14°. A second, well-defined hydrate, Na2HAs04,7Il20, 
which crystallises from solutions at 15—20°, is quite stable 
under normal conditions; the crystals begin to lose water 
at 30°, melt at 57°, and are completely dehydrated at 120°. 
The anliydrous salt is readily soluble in water, 100 parts of 
water dissolving 61 parts at 15°; at 180°, it is rapidly converted 
into the pyroarsenate, Na4As207.^ The dihydrogen arsenate, 
Nair2As04,H20, is also readily soluble. An impure arsenate of 
sodium is prepared on the large scale by dissolving arsenious 
oxide in caustic soda, and adding sodium nitrate ; the solution 
is boiled down, and the residual mass heated in a furnace until 
it appears to be perfectly dry. This product is largely used in 
calico-printing as a substitute for co^v-dung, which was formerly 
employed in clearing the cloth after mordanting. The mordant 
consists of a solution of acetate of either aluminium or iron, and 
the cloth, after having been printed w4th these mordants, is 
hung up and exposed to air. In this, which is termed the 
ageing process, a portion of the acetic acid evaporates, leaving 
basic acetates of iron and aluminium firmly attached to the 
fibre of the cloth. A portion of these salts is, however, mixed up 
with the thickening or starch which must be added to the mordant 
in order that the impression shall be sharp. To remove this 
excess of unfixed mordant, the cloth is subjected to a peculiar 
treatment termed the dunging process. For this purpose it will 

^ Lebeau, Compt. rend., 1900, 130, 502. 

* Vournasos, Ber,, 1911, 44, 3260. 

® Hugot, Compt, rend,, 1898, 127, 653. 

® Wulff, Apoth, Zeit„ 1906, 20, 1026. 
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not answer merely to wash the cloth in pure water, because the 
soluble portion of the mordant is then removed from the printed 
pattern, but attaches itself again to the unmordanted cloth, 
which it is intended should remain white. Long ago it was 
observed by the native dyers and calico-printers in India that if 
cow-dung be added to the wash water the excess of mordant 
can be removed without any staining of the cloth occurring. 
The action of the cow-dung in this process has not yet been 
satisfactorily explained, but experience has shown that sodium 
arsenate solution acts in a similar way, and at the present time 
the old process is generally superseded by the use of what is 
known in the trade as “ dung substitute.” 


Sodium and Boron. 

144 Sodium Orthohorate, Na3B03. — AVhen boron trioxide is 
fused with excess of caustic soda, three molecules of water are 
expelled and the ortho-salt remains : ^ 

B2O3 -f 6Na0n -= 2Na3B03 -f SHgO. 

This salt is very unstable; when dissolved in water, indeed, 
it is transformed into a hydrated metaborate. 

Sodium Pyroborate, or Borax, Na2B407. --The history of this 
the most important of the borates is lost in obscurity. It has 
already been stated under boron (Vol. 1 ., p. 720 ) that in the 
works of the Latin Geber the word borax or bauracli occurs, 
but whether or not this indicated the substance which we now 
call by that name is a mere matter of speculatmn. Even up 
to the end of the seventeenth century nothing certain was known 
either as to the source or the composition of borax, which was 
used as a flux, and which was early brought into European 
markets by the Venetians. It was not until 1747 that an exact 
knowledge of its composition was arrived at, when Baron pointed 
out that borax consists of a compound of boric acid (then called 
sedative salt) and soda. 

Before the discovery of the boric acid lagoons (Vol. I., p. 731 ) 
the boric acid of commerce was obtained from Asiatic tincal, 
which is a crude decahydrate of borax, Na2B4O7,10Il2O, and 
occurs native in Tibet. Since then tincal has been found in 
immense deposits in North America, these being generally the 
bottoms of lakes which have dried up more or less completely, 

^ Bioxam, Journ, Chem. Soc,, 1862, 143. 
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and large quantities are now put on the market from this source, 
the crude product simply requiring recrystallisation. 

A large proportion of the borax used in Europe is still made 
from Tuscan boric acid, which is fused with half its weight of 
soda-ash in a reverberatory furnace, the product being lixiviated 
with hot water, and the borax allowed to crystallise. In France 
the two substances are boiled together and the product allowed 
to crystallise. A further source of borax is the mineral boronatro- 
calcite, Na2B407,2CaB407,18H20, termed in commerce borate 
of lime or “ tiza,” and found in the nitrate beds of South America, 
and in the massive condition in Nevada; the mineral is finely 
divided and fused with the requisite proportion of soda-ash 
and sodium bicarbonate, the product being lixiviated and 
recrystallised. 

Anhydrous Borax or Borax Glass is best obtained on the small 
scale by fusing 124 parts of crystallised boric acid with 53 parts 
of dry sodium carbonate. A transparent glass is thus obtained 
having a specific gravity of 2*367, which becomes opaque on 
ex])osure to air from absorption of water. 

Fused borax glass dissolves many metallic oxides, which 
impart their peculiar colours to the glass, and it is therefore 
largely used in blowpipe analysis. The constitution of this glass 
appears to be very complex.^ It is readily soluble in water, but 
insoluble in alcohol. Ordinary borax melts at 730°, but two 
other borates containing a higher proportion of boron trioxide, 
Na20,3B203 and NugOjIBgOg, melting at 694° and 783° respec- 
tively, have been described.- 

Borax forms two important hydrates. Octahedral Borax, 
Na2B4()7,51l20, is deposited when a supersaturated borax 
solution, prepared by dissolving three parts of the decahydrate 
in four parts of warm water, is allowed to evaporate spontaneously 
in a warm place. Another plan is to dissolve borax in boiling 
water until the specific gravity of the solution rises to 1*216, 
and then allow the solution to cool. The crystallisation of 
octahedral borax begins when the temperature reaches 79°, 
and continues until it sinks to 35*5°, after which common borax 
is deposited. The crystals are hard, transparent, regular 
octahedra, having a specific gravity of 1*815. 

Common, or prismatic Borax, Na2B407,10H20.— Anhydrous 
borax when exposed to moist air absorbs ten molecules of water 

‘ Burgess and Holt, Proc, Roy. Soc., 1904, 74 , 286. 

* Bonomarev, Zeit, anorg. Chem., 1914, 89 , 383. 
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and forms this salt. The decahydratc is deposited from solutions 
at all temperatures below 35*5® in the form of large transparent 
monoclinic prisms, which have a specific gravity of 1*71. When 
gently heated the crystals swell up, losing water and forming 
a spongy mass called borax asta, or burnt borax. 

In contact with a saturated solution the decahydrate is stable 
up to 35*5°,^ and above this temperature is converted into the 
pentahydrate. 100 parts of water dissolve : ^ 

At 6° 10^ 30^ 45*" 60° 55° G0° 70° 

Na2B^07 1-3 1-6 3-9 8-1 10-5 14-2 20 21'4 

80° 90° 100° 

31-4 40-8 52-3 

The aqueous solution has an alkaline reaction ; ® hence borax is 
often used for purposes which require a weak alkali. 

The impurities usually found in commercial borax are sodium 
carbonate, traces of the sulphates and chlorides of the alkali 
metals, and salts of magnesium and calcium. Sometimes it 
is adulterated with alum and common salt. Pure borax gives 
no effervescence with acids, and dissolves in two parts of hot 
water. The solution is not rendered turbid on addition of 
alkali, and does not give a precipitate either with barium chloride 
or silver nitrate. 

Borax is largely used for a number of purposes, for glazing 
both earthenware and fabrics such as linen, as an antiseptic, and 
also in preparing clean surfaces of metals previous to soldering. 

Sodium Melaborale, NaB0.2,4Il20. — This salt is formed w4ien 
borax is fused with the requisite quantity of sodium carbonate. 
It crystallises from water in monoclinic crystals having the 
above composition. A peiitaborate, NagB^QO^^, 101120, has also 
been described.^ 

Sodium Perborate, Na2B40g, 101120.^ — When an intimate 
mixture of one molecular proportion of sodium peroxide and 

^ van’t Hof! anti Blasdalc, Siizungtiber. K. AkaL Wtsa. Berlin, 1905, 1080. 

* Horn and van Wagencr, Amer. Chem, J., 1903, 30, 344; compare 
Poggiale, Ann, Chirn. Phys., 1843, [3], 8, 467. 

* Shelton, Proc, Chem, 8oc., 1902, 169; GrUnhut, Zeit. phyatkal, Chem., 
1904, 48, 669; Lundberg, Zeit, phymkal. Chem., 1909, 69, 442. 

^ Attcrberg, Zeit. anorg. Chem., 1906, 48, 367; Dukelski, Zeil. anorg. Chem, 
1906, 50, 38. 

* Jaubcrt, Compt, rend., 1904, 139, 796; Itev. gen, Chim, pure appl,, 1905, 

[vii], 8, 163; Bosshard and Zwicky, Zeit. angew, Chem,, 1912, 038. 
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four molecular proportions of boric acid is added gradually to 
cold water a clear solution is first obtained from which a perborate 
of the above composition crystallises out; it cannot be recrys- 
tallised from water without decomposition. On the addition 
of a quantity of hydrochloric acid equivalent to one half of the 
sodium in this perborate to its aqueous solution, a perborate, 
NaBOg, 41120, separates in the form of white crystals which are 
quite stable at ordinary temperatures. This salt is less soluble 
than the former. Its aqueous solution has an alkaline reaction 
and contains hydrogen peroxide ; it begins to decompose slowly 
above 40® and evolves oxygen rapidly at 100®. By neutralising 
the solution with acids fairly concentrated solutions of hydrogen 
peroxide can be obtained. This compoimd appears to be a true 
per-salt as it does not contain hydrogen peroxide of crystallisation.^ 
Sodium perborate is used in laundry work and for hygienic 
purposes. 


Sodium and Carbon. 

1 45 Sodium Carbide, NagCg. — When acetylene is passed over 
melted sodium at a temperature below 190®,^ and when liquid 
acetylene is treated with sodium at the ordinary temperature,® 
a white solid known as monosodacetylene, CgHNa or C 2 H 2 ,C 2 Na 2 , 
is formed. This substance is produced also by mixing liquid 
acetylene with a solution of sodium in liquid ammonia and 
crystallises in microscopic, rhombohedral lamellse. When this 
compound is heated, or treated with iodine in presence of benzene, 
the carbide, Na 2 C 2 , is left as a white solid, which is also formed 
when acetylene acts on sodium above 210®. 

This substance has the sp. gr. 1*575 at 15®, is insoluble in all 
solvents, and when strongly heated in a vacuum, dissociates into 
its elements. It undergoes chemical change with great readiness 
and violence, free carbon being as a rule liberated. When gently 
heated in dry air or oxygen, it burns, forming sodium carbonate, 
and it is readily attacked by the halogen elements and by phos- 
phorus. When it is carefully brought into water, acetylene 
is liberated and caustic soda produced. In hydrogen chloride 
it burns spontaneously, forming sodium chloride, hydrogen, 
and carbon.'* 

* Bosshard and Zwicky, ZeiL angew, Chem., 1912, 25> 993. 

* Matignon, Compt, rend,, 1897, 124, 775. 

’ Moissan, Compt, rend,, 1898, 128, 302; 127, 911. 

^ Matignon, Compt, rend,, 1897, 125, 1033. 

VOL. 11. (I.) U 
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Sodium Carbonate^ NagCOg, commonly known as carbonate of 
soda or soda-ash, is prepared on an enormous scale, being one of 
the chief products of the alkali manufacture which is described in 
detail below (p. 296). The anhydrous salt is a white, opaque, 
porous mass or a white powder, which has a specific gravity of 
2*5, melts at 852° without decomposition in absence of moisture, 
and possesses an alkaline taste and reaction, but less strongly 
marked than those of potassium carbonate. When the anhydrous 
salt is brought in contact with water, heat is evolved and an 
alkaline solution is formed. This alkalinity, as already explained 
(p. Ill), is due to a partial hydrolysis of the salt into caustic soda 
and sodium bicarbonate, and it is found that a normal solution 
of the carbonate slowly loses carbon dioxide when it is boiled 
in a current of hydrogen.^ 

Owing to the existence of several different hydrates, the solu- 
bility of sodium carbonate shows an anomalous behaviour with 
rise of temperature, analogous to that of sodium sulphate (p. 122). 
The limits of stability of these hydrates in contact with a saturated 
solution are probably the following: lOHgO from —2*1° to 
31*8°; 7 H 2 O from 31*8° to 35*1°; IH^O from 35*1° to 104*7°, 
the boiling point of the saturated solution.^ One hundred parts 
of water dissolve : 

At 0^ 10^ 20^ 30^ 31-8^ 35 r 40^ 50° 70° 104 7° 

NagCOs 7*1 12*6 21*4 40*9 46 51 49*7 47*5 45*8 45*1. 

The decahydrate is obtained when a hot, fairly concentrated 
solution IS allowed to cool, and forms large, transparent mono- 
clinic crystals, which are known commercially as soda-crystals 
or washing soda, and are manufactured on the large scale. They 
readily effloresce on exposure to the air, yielding the monohydrate 
as a white powder, which is also formed by heating the deca- 
hydrate to 35*1°, at which temperature it melts and loses nine 
molecules of water. The monohydrate crystallises in rectangular 
rhombic plates, and is prepared commercially and sold under the 
name of crystal carbonate. Both these hydrates occur native, 
the former as natron and the latter as thermonalrite, in the soda 

^ Kusier and Griiters, Btr., 1903, 86, 748. See also McCoy, Amer, Chem. J., 
1C03, 29, 437. 

* Ketnor, Zeit, physikal, Chcm., 1902, 89 # 645; Epple, DUa, Heidelberg * 
1899, p. 26, quoted in Phystkahsch-Chemiacht Tabellen, Landolt-Bomatcm, 
p. 555 (Berlin, Springer, 1905); Wells and McAdams, «/. Amer. Chem, Soc., 
1907, 2Bt 721; Jones, Journ, Chem, 5foc., 1909, 95 # 1672; Gumming, ibid,, 
1910, 97 , 593. 
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lakes of Egypt ^ and Hungary, and also at Vesuvius and Etna, 
and in various parts of Asia, Africa, and America. 

Of the remaining hydrates the Jieptahydraiey NagCOgjTHgO, 
is the most important, and is obtained by allowing a warm 
saturated solution to cool in absence of crystal nuclei ; it appears 
to be dimorphous, crystallising both in rhombohedra and rect- 
angular rhombic plates. 

Sodium Hydrogen Carbonate^ NaHCOg. — This salt, commonly 
known as bicarbonate of soda, is likewise prepared on the large 
scale. It occurs in commerce in the form of a white, crys- 
talline powder, or in crystalline crusts which consist of mono- 
clinic tablets. It possesses a faint alkaline taste, and dissolves 
less readily in water than the normal salt. A solution of the 
bicarbonate is neutral to phenolphthalein, but alkaline to methyl- 
orange. One hundred parts of water dissolve : ^ 

At 0® 10® 20® 30® 40® 50® 60® 

NaHCOa 6-90 8-15 9*60 IMO 12-70 14-45 16-40. 

A solution of the bicarbonate gives off carbon dioxide on boil- 
ing, forming first the carbonate (trona) Na 2 C 03 ,NaHC 03 , 2 H 20 ; ® 
this carbonate is formed also when carbon dioxide is passed into 
a boiling solution of the normal carbonate and when solutions of 
the latter are exposed to the air for some time. The solid salt 
decomposes on gentle ignition into carbon dioxide, water, and 
the normal salt : 

2 NanC 03 = Na 2 C 03 + HgO + COg. 

Commercial bicarbonate of soda almost always contains some 
normal carbonate, and this may be removed by washing with 
small quantities of water; but, on drying, the residual salt is 
found again to contain some normal carbonate. A better method 
is to moisten the washed salt with alcohol, and then to dry it 
between folds of filter paper without application of heat. Even 
then it undergoes partial decomposition, and contains about one 
per cent, of the normal carbonate. In order to detect the 
presence of the latter salt in the bicarbonate a solution of mer- 
curic chloride in two parts of water is added to a solution of 
the bicarbonate in fifteen parts of water, when a white cloudiness, 

1 Jahrh. Min,, 1900, 1, 230. 

* Dibbits, J, pr, Chern,, 1874, [2], 10 . 439. 

* Soury, Compt, rend,, 1908, 147 , 1296; Habcrmann and Kurtenacker, 
Zeit, anorg, Chem,, 1900, 03 , 65. 
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which gradually becomes brown after several minutes, is pro- 
duced in presence of the normal salt ; the presence of the normal 
carbonate can be proved with certainty, however, only by a 
quantitative examination. 

Trona, or Urao, is a carbonate of soda occurring native in 
Hungary, Egypt, British East Africa, Fezzan and Lake Chad in 
Africa, India, and America. It is a confound of the normal with 
the bicarbonate, and has the formula Na2C03,NaHC03,2H20.^ 
This is the substance to which the ancients gave the name 
nitrum. It occurs in small monoclinic crystals, and it can be 
prepared artificially as described above. 

Sodium Percarbonate has already been described ^ (Vol. I., 
p. 835). 

Sodium Cyanide^ NaCN. — This salt is obtained by neutral- 
ising hydrocyanic acid with soda, and by heating sodium ferro- 
cyanide either alone or with metallic sodium (see also potassium 
cyanide) : 

Na4Fe(CN)e = 4 NaCN -f FeCg + Ng 
Na4Fe(CN)e -f 2Na = GNaCN -f Fe. 

When obtained by passing hydrocyanic acid into alcoholic 
soda it is a white, crystalline powder, which smells of hydro- 
cyanic acid, and dissolves readily in ivater. 

It is now' manufactured on the large scale by Castner’s 
method,® which consists in passing ammonia over metallic 
sodium heated in an iron retort to 300 - 400 °, yielding sodamide 
according to the equation ; 

2Na + 2NH3 - 2NaNH2 + 112. 

This is then brought into contact with charcoal previously 
heated to dull redness, and thus converted into sodium cyanamide 
and hydrogen : 

2 NaNH 2 + C = CN.NNa2 + 2II2. 

At a higher temperature, in presence of the excess of charcoal, 
the cyanamide is then converted into sodium cyanide : 

CN.NNag + C == 2NaCN. 

The product is almost pure. 

^ Compare Lunge, Sulphuric Acid and Alkali, Vol. II., pp. 52 and 55, 3rd 
edition, 1900, Also “Egyptian Soda,” Survey Department Paper No. 22, 
Nature, 1913, 90 , 527. 

* Compare also; — Tanatar, Ber,, 1910, 43 , 127, 2149; Bioscnfeld, ibid,, 
1910, 43 , 566, 2504; 1911, 44 , 3589, 3595; Wolffenstcin, thid., 1910, 43 , 039. 

» Patent No. 21732 (1894). 
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Calcium cyanamide (“ Nitrolim *') also is used for the pre- 
paration of sodium cyanide (Vol. I., p. 864). 

Sodium cyanide is very largely employed for the extraction of 
metallic gold. 


Sodium and Silicon. 

146 Silica acts on sodium carbonate at high temperatures 
with evolution of carbon dioxide and formation of silicates, 
different silicates being obtained according to the time of 
heating, the temperature, and the relative proportions of the 
two substances taken. Unlike potassium, however, sodium 
is capable of forming an orthosilicate, Na4Si04, whilst the 
silicate richest in potassium is KgSigOio. If silica and sodium 
carbonate be fused together in equal molecular proportions, 
sodium metasilicate, NagSiOg, is formed, and of this compound a 
number of definite crystalline hydrates have been obtained, 
crystallising with from 1 to 9 molecules of HgO. The solution 
of this substance in water is strongly alkaline, and probably 
contains half the sodium as caustic soda, together with the 
silicate NagSigOg.^ 

Sodium Disilicate, NagSigOg, has been prepared as a crystalline 
product of the action of limited quantities of water at high 
temperatures upon specially prepared glasses.^ 

Soluble Soda Glass, which was discovered by Fuchs in 1818, 
is obtained by heating together 180 parts of w^hite sand, 100 of 
calcined soda-ash, and 3 of charcoal in a reverberatory furnace, 
and also by dissolving powdered flint in hot aqueous caustic 
soda under pressure. Like the corresponding potash glass it 
consists of a mixture of several silicates, the melting point 
being higher the greater the proportion of silica present. 
Prepared by the first method, soluble soda glass forms a trans- 
parent glassy mass, sometimes colourless, but generally of a 
yellow, brown, or green colour, which, when pow’dered, readily 
dissolves in boiling water, forming a thick viscid liquid. Ultra- 
microscopic examination of sodium silicate solutions shows that 
they are two-phase systems in which the disperse phase is 
negatively charged.® When concentrated ammonia is added to 
the solution, a silicate having approximately the composition 

^ Kohlrausch, ZeiL physikal, Chem., 1893, 12, 773; Hantzsch, Zeit anorg, 
Chem., 1002, 80, 295; Mylius and Qrosohuff, Ber,, 1906, 89, 116. 

* Moroy, J. Amer, Chem, Soc., 1914, 86, 216. 

’ Sterickor, Chem, Met, Eng,, 1921, 25, 61. 
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Na 2 Si 409 separates out,^ and a hydrate of this silicate, containing 
I 2 H 2 O, is formed when precipitated silica is dissolved in boiling 
caustic soda and the filtrate evaporated down.^ 

Silicate of soda is employed in fixing fresco colours by the 
process of stereochromy. It is employed also as a cement in the 
manufacture of artificial stone. This is made by mixing the 
solution with sand and lime ; it is likewise used as a cement for 
joining the broken surfaces of porcelain, stone, etc. Another 
purpose for which soluble glass is employed is as an addition 
to cheap soap. The so-called silicated soap was patented early 
in the last century and was subsequently largely made by 
William Gossage, who also took out a patent for its manufac- 
ture ; it is now prepared in large quantities by adding a solution 
of this compound to the soap whilst settling. 

Sodium Silicofluoride, Na 2 SiFg, is prepared in a siifiilar way 
to the potassium compound, and is very similar to this latter 
salt ; 100 parts of water dissolve, at 17-5°, 0*652 part of the salt, 
and at lOr, 2*459 parts (Stolba). 


Detection and Estimation of Sodium. 

147 The presence of a sodium compound can be readily de- 
tected by the production of the yellow tint which it imparts to 
the non-luminous gas-flame. This reaction was first observed 
by Melville in 1752, and was made use of by Marggraf in 
1759 to distinguish the base contained in common salt from 
that peculiar to the vegetable alkali, w^hich imparted a violet 
tint to the flame. 

The spectrum of the yellow sodium flame consists of two bright 
yellow lines coincident with the two dark solar lines known as 
Fraunhofer’s D-lines. These lines have wave-lengths of 5896 
and 5890 A.U. and lie so close together that in an ordinary one- 
prism spectroscope they appear as one line. 

The flame reaction of sodium is the most delicate known 
among spectrum reactions (p. 169). 

The absorption spectrum of sodium vapour has been mapped 
by Roscoe and Schuster.® A series of bands in the blue makes 
its appearance at a low temperature, and as this is raised 
bands in the red and yellow stretching as far as the D-lines 

^ Hcintz, Jahresb,, 1871, 276. 

* Walker, Qmrt Journ, of Science^ 1866, 3, 371. 

» Proc. Roy. 80 c., 1874, 22, 362. 
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come out. When the vapour of sodium is examined in a red- 
hot iron tube the colour of the limelight as seen through it is a 
dark blue. 

In the processes of quantitative analysis sodium generally 
occurs together with potassium. The process for the separation 
of these two metals is described under that metal, as well as 
the indirect methods by which the quantity of each of the 
two metals can be ascertained. If it is desired to deter- 
mine the sodium directly, the best process is the following 
one suggested by Bunsen. The alcoholic solution of the 
soluble double chloride of sodium and platinum is evaporated 
in a flask which is filled with hydrogen gas, and reduced 
by exposure to light, or by addition of a reducing agent 
such as aldehyde. Sodium chloride, hydrochloric acid, and 
metallic platinum are then formed : the solution of common 
salt is filtered from the platinum, evaporated to dryness, and 
the weight of the salt ascertained after gentle ignition. As 
sodium chloride is volatile at a red heat, it is advisable to 
transform the salt into sulphate before ignition. 

Sodium, moreover, forms sparingly soluble salts of antimonic 
acid and of dihydroxytartaric acid,^ and can be estimated in 
presence of potassium by precipitation with the potassium salt 
of either of these acids.^ 

The Atomic Weight of sodium was determined by Stas. He 
found as the result of ten experiments that 100 parts by weight 
of pure silver required from 51-206 to 54-2093 parts of sodium 
chloride for complete precipitation. This gives a mean of 
51*208, and the atomic weight of sodium as 23*05. 

This ratio has been redetermined by Richards and Wells,^ 
who employed more perfectly purified silver, and estimated the 
end point of the reaction between silver nitrate and sodium 
chloride by means of a specially devised instrument, the 
nephelometer.^ The ratio obtained was Ag : NaCl = JOO : 54*185, 
whilst that of AgCl : NaCI was 100 : 40*780. Hence, taking the 
accepted values for silver (Ag = 107*88) and for chlorine 
(Cl == 35*46), these results give 22*99. The value now adopted 
(1922) is 23*00. 

^ Fenton, Joum. Chem. Soc,, 1898, 73, 107. 

^ Bulstern and Blaise, Zed, anal, Chem., 1897, 36, 513. 

» J, Afner. Chem, Soc., 1905, 27. 459. 

* Amer, Chem. J,, 1904, 31, 235. 
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THE ALKALI MANUFACTURE, 

148 The history of the manufacture of the alkali, soda, is 
one of great and^peculiar interest. The following is a descrip- 
tion (1) of the oldest known sources and processes, (2) of the 
Leblanc process, (3) of the cryolite process, (4) of the ammonia 
process, and (5) of the electrolytic processes,^ followed by a 
description of the several forms in which the alkali now appears 
in commerce. The manufacture of bleaching powder is described 
separately under calcium. 


The Oldest Known Sources and Processes. 

149 Natural Soda . — From time immemorial an alkali has been 
obtained as a saline efflorescence from the ground in parts of 
Egypt, and from certain alkali lakes in that country;^ the 
substance is known as trona or latroni, and it contains 20 or more 
per cent, of sodium sesquicarbonate Na2C03,NaHC03,2Il20 
(see pp. 292 and 331) ; it is still exported from Alexandria at the 
rate of about 2,500 tons per annum. Nearly every district of 
India produces alkaline earth, known as dhobi's earth, contain- 
ing from 11-36 per cent, of the double carbonate, which has been 
used for ages for washing, dyeing, and in the manufacture of 
soap and glass bangles. Very many districts are so impregnated 
W’ith alkali that they form w'astes or alkali deserts, as in Tibet 
and Utah. At Owens Lake in California the water is so nearly 
saturated with alkali that shallow receptacles are filled w ith it ; 
it is then allowed to evaporate spontaneously, after which the 
crystals receive a slight wash to purify them ; it is computed that 
this lake contains 50,000,000 tons of soda, and that the annual 
increase is 200,000 tons; and it is expected that the American 
market may in time be supplied from this source. In 1910 a 
great deposit of soda was found and explored in Lake Magadi, 
East African Protectorate. The lake covers an area of 30 square 
miles; the reddish water is only a few inches deep, and under 
this is a deep layer of natural soda in large, radiating crystals 
looking like pink marble, which is estimated to weigh 200,000,000 
tons, and which might supply the world for one hundred years. 

^ For details of other suggested methods, see Lunge, Sulphuric Acid and 
Alkali Manufacture (London, Gurney and Jackson), and Partington, The 
Alkali Industry (Bailli^re, Tindall and Cox, 1918). 

* Pliny, Hist. Nat., Lib. 31, cap. 10. 
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This has been developed by the Magadi Soda Company, who have 
built 100 miles of railway to connect with the Uganda Eailway, 
while the Government are prepared to deal with the transport 
on the Uganda Railway and to give loading facilities for ocean 
shipping at Kilindini. This soda is now supplied to Eastern 
markets. 

Soda from Plant Ashes. — From very ancient times it has been 
known that the ashes of plants contained alkali, and they were 
used for cleansing, and for making soap and glass. Whereas 
almost all land plants yield an alkali that is mostly potash, 
certain land plants growing near the sea shores yield an alkali 
that is mostly, but not entirely, soda ; such plants are grown on 
the Spanish coasts, and they have been cut and burned for 
centuries to prepare the ash barilla, which never contains more 
than 30 per cent, of sodium carbonate and often only 3 per cent. ; 
as late as 1834 the import of Spanish soda into this country 
was 12,000 tons, and it realised £11 to £45 per ton. Sea 
plants yield an ash that is still poorer in potash and richer in 
soda, and these were cut or collected on the north-west 
coasts of France, Ireland, and Scotland, and burned to prepare an 
ash containing only 21 to 5 per cent, of soda, known as “ kelp.” 
In the Orkney Islands a large number of persons used to be 
engaged in this work. Kelp is now used as a source of potassium 
chloride and of iodine. Land plants contain portions of soda 
which are not inconsiderable, and in the manufacture of beet- 
root sugar the residual molasses finally yield a charcoal from 
which «oda is extracted in France, Germany, Austria and 
Belgium, on a limited scale. 

Oldest known chemical processes of preparing soda. — In 1768 
Hagen described the double decomposition between sodium 
sulphate and potassium carbonate; the less soluble potass- 
ium sulphate crystallises first from the solution, and soda 
crystals were then obtained from the mother-liquor. This process 
was also described by Accum as being carried out in a soda 
works in London prior to 1808. A similar double decomposi- 
tion due to Bergman was carried out with sodium chloride 
and potassium carbonate; and some years later, in 1795, Lord 
Dundonald obtained a patent connected with the process, and 
from 1802-1816, Losh, at Walker-on-Tyne, made soda called 
“ British Ash ” which sold for £16 to £20 per ton. 

In 1773 Scheele acted on sodium chloride solution with oxide 
of lead, obtaining an insoluble oxychloride of lead and a solution 
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of caustic soda; in 1782 soda was being made in England by 
this process, and in 1787 Turner patented a yellow lead 
oxychloride, a pigment known as “Turner’s yellow.” 

But the most important process for subsequent developments 
was that of Malherbe in 1778. He heated sodium sulphate with 
carbon, obtaining sodium sulphide, and to the molten mass 
added iron scrap to combine with the sulphur. After due 
manipulation in the furnace the melt was withdrawn and the 
blocks were allowed to stand in the air until they fell to powder, 
which, when lixiviated, gave a solution from which soda crystals 
were at once obtained. The similarity of this process to that 
next described, in all particulars except the use of iron, may be 
noted. 


The Leblanc Process. 

150 One of the effects of the French revolutionary wars 
was the stoppage of the supply of potash to France and 
therefore the diminution of the important manufactures de- 
pendent upon its use. Under these circumstances the French 
Government issued an appeal to chemists urging the im- 
portance of utilising all the materials natural to their own 
country, “so as to render vain the efforts and hatred of 
despots,” and commanded all citizens who “ have commenced 
establishments or who have obtained patents for the manu- 
facture of soda from common salt to make known to the 
Convention the locality of these establishments, the quantity 
of soda supplied by them, and the quantity they can hereafter 
supply.” A Commission was appointed to investigate this 
subject, and in 1794 it reported on thirteen different processes, 
the particulars of which had been submitted. The preference 
was given to the operations devised by an apothecary of the 
name of Leblanc, who had erected a soda manufactory at 
St. Denis, near Paris; this had been at work for about three 
years. The process which constituted Leblanc’s invention con- 
sisted of the conversion of common salt by oil of vitriol into 
Glauber’s salt, whilst the evolved hydrochloric acid was converted 
into sal-ammoniac. The sulphate of soda was mixed, according 
to Leblanc’s first description in 1790, with half its weight of 
chalk and a quarter of its weight of charcoal, but, according to 
his patent of 1791, with an equal weight of chalk and half its 
weight of charcoal, which proportions had yielded the best 



THE LEBLANC PROCESS 


299 


results. From the surface of the fluxing mass a large number 
of flames broke forth similar to the flame of a candle ; as soon 
as this phenomenon ceased the operation was finished. The 
batch was drawn out of the furnace with iron rakes, and collected 
in any kind of moulds to give it the shape of the commercial 
blocks of soda of that time. The fluxed mass was purified by 
powdering and boiling with water, or else it was allowed to fall 
to powder in the air and then washed. The calcareous substance 
and unburnt charcoal were removed by settling and filtering. 
From the solution the soda was separated on boiling down, and 
dried in a warm place. 

Why Leblanc should have reacted with calcium carbonate on 
his fused sodium sulphide is not clear, because the first 
. explanation of Leblanc’s process was given in 1830 by Dumas, 
who, believing that calcium sulphide was soluble in water, sup- 
posed the existence of insoluble oxysulphide, 2CaS,CaO. The 
existence of this hypothetical compound was first doubted in 
1858 by Kynaston, and disproved by Scheurer-Kestner in 1862 ; 
and in 1861 Gossage proved that calcium sulphide was insoluble 
in water. The Commissioners of 1794 say in their report : — 
“ Citizens Leblanc, Diz6, and Shee were the first who submitted 
to us particulars of their process, and this was done with a noble 
devotion to the public good.” The consequences of the French 
Revolution and subsequent war deprived Leblanc of funds ; the 
works were suspended from 1794 to 1801, and he was unable to 
work his process. It is sad that the man who thus originated a 
world-wide industry, and to whom we owe cheap soap and 
cheap glass, did not benefit from his discoveries, and, not receiving 
the reward promised by his Government, died in 1806 by his 
own hand in poverty and despair.^ 

Other alkali works in France were more successful than 
Leblanc’s original manufactory. Several of these were situated 
at Marseilles, the seat of the French soap trade, and conveniently 
placed for obtaining three of the necessary raw materials; (1) 
sulphur, from Sicily ; (2) salt, by the evaporation of salt-water 
by the sun’s heat; (3) limestone. They were, however, at a 
disadvantage in being at a distance from coal. 

Although the process for making alkali was published in the 
Annales de Chimie for the year 1797, it is remarkable that not 
till 1814 was this process taken up in England by Losh, 
on the Tyne, on an exceedingly small scale. In 1823 the salt 

^ Nicolas Loblano : sa vie ot sea travaux/* by Aug. Anaatasi, Paris, 1884. 
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duty of £30 per ton was abolished, and the way being thus 
opened for the use of salt as a raw material for the pro- 
duction of an artificial soda, which could compete w'ith the 
natural sodas and the various soda ashes from plants, the same 
year saw the erection of an alkali works in Liverpool by James 
Muspratt, To prove the superiority of his product to the 
natural sodas and plant soda ashes Muspratt had at first to give 
his product away, but he soon established a growing industry. 
It must not be supposed, however, that Leblanc’s process was 
complete in all its details, or was suited without alterations to 
English industrial requirements. 

The hydrochloric acid evolved in the salt-cake process was 
not converted into sal-ammoniac as Leblanc had devised, but 
was allowed to escape into the air as a waste product, 
which destroyed vegetable life of all kinds for miles around, 
leading to complaints of nuisance and to frequent litigation. 
Hardly an assize passed without an action for nuisance or 
damage, and the present generation can scarcely form an idea 
of the prejudice aroused against alkali works for the first 
forty years of their existence. In 1836 Gossage introduced his 
plan of condensing hydrochloric acid, and though in the next 
ten years it was adopted by many works, yet many others, 
especially the smaller ones, continued to manufacture sulphate 
of soda without condensing the hydrochloric acid, and even 
those works which had condensers used them only in pro- 
portion as they found a sale for hydrochloric acid. The 
use of chlorine made from hydrochloric acid for manufac- 
turing bleaching powder was extended from 1837 by the 
reduction of the excise duty on paper from 3d. to l^d. per 
pound, which led to a greatly increased demand. In 1817 
chlorine made from hydrochloric acid was first used on a 
large manufacturing scale for the preparation of potassium 
chlorate. In 1861 the paper duty was abolished, and with 
the consequent establishment of a vast number of daily and 
weekly newspapers and journals, and the reprinting of standard 
works in all parts of the kingdom, an enormously increased 
demand for paper materials was created. Straw, esparto grass, 
and wood fibres, which had hitherto been used only in very 
small quantities as compared with cotton and linen rags, were 
now used in rapidly increasing quantities, and as these require 
roughly three times as much bleaching powder per unit weight 
of raw material as do the rags, and as they produce much less 
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weight of paper, it is evident that the demand for hydrochloric 
acid was vastly increased. It was computed that in 1862 
one-third of all the hydrochloric acid gas produced was still 
allowed to escape into the air, a fraction which amounted to 
about 1,000 tons per week; and this nuisance was only brought 
to an approximate end by the passing of the Alkali Act in 1863, 
which rendered compulsory the condensation of 95 per cent, of 
the hydrochloric acid gas produced. Thanks to the increased 
uses for and value of hydrochloric acid, the statutory condensation 
was rapidly obtained and exceeded. In 1874 another Act was 
passed requiring that the exit gases shall not contain more than 
0*2 grain of hydrochloric acid per cubic foot of gas, and this 
limit is now fully observed. The means employed to condense 
the hydrochloric acid gas are described under the head of 
Hydrochloric Acid (Vol. I., p. 205). Where an acid was produced 
too weak to use or sell it was run away to waste, thereby often 
creating a fresh series of nuisances by reason of it finding its 
way into the drainage from the waste heaps of the lixiviation 
process — a liquor loaded with soluble sulphides. 

The black-ash produced up to 1823 contained only 10 to 12 
per cent, of alkali (NagO), and though Leblanc had shown how 
to prepare from this, as his final product, a nearly pure hydrated 
sodium carbonate, ‘‘ soda crystals,’’ NagCOgjlOHgO, yet this 
was not done commercially, and the black-ash was sold 
as such and with all its impurities to soap-makers; in 1823 it 
realised £12 per ton. A black-ash containing 24 per cent, of 
alkali was first made by Muspratt in 1823, since when the strength 
has not been materially increased. 

The details of the economical lixiviation of the black-ash, and 
the evaporation of the liquor by the waste heat from the black- 
ash furnaces, are due, not to Leblanc, but to English alkali- 
makers, who produced in quantity not only Leblanc’s “ soda 
crystals,” but also a new and much stronger alkali, namely, the 
white-ash or soda-ash, selling at £22 per ton in 1833. It 
consisted of impure anhydrous sodium carbonate, and according 
to its impurities and methods of preparation contained from 48 
to 52 per cent, of alkali (NugO). The impurity present in 
largest quantity in the alkaline liquor was sodium hydroxide, 
and this was carbonated either by calcining with a considerable 
quantity of sawdust, or by leading in waste furnace gases, or 
carbonic acid gas. 

To the English alkali-makers also was due a further entirely 
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new development in the making of strong alkali. The first 
step was the introduction of “caustic ash” a mixture of 
anhydrous sodium carbonate and sodium hydroxide, obtained 
by using a larger proportion of lime than previously in the 
black-ash mixing, and by not adding sawdust or carbonic acid 
gases when evaporating the alkaline liquor to dryness. About 
1850 this was followed by methods of separating the bulk of 
the sodium carbonate as the monohydrate, NagCOgjH^O, from 
the liquor, and evaporating the mother-liquor, now containing 
essentially sodium hydroxide, until it contained 60 per cent, of 
alkali and on cooling solidified into a crystalline mass known as 
“ cream caustic.” About 1857 the methods of removing the 
various impurities were improved, and the caustic liquor was 
evaporated at much higher final temperatures, so that anhydrous 
white caustic soda containing 70 per cent, of alkali was obtained. 
In 1861 Lancashire furnished 4,680 tons of caustic soda, but in 
1862 methods had been found at St. Helens of so altering the 
charge in the black-ash furnace, and so working the liquor as to 
obtain stronger and whiter caustic soda, which at once found 
extended use in soap and paper manufactories. From 1873 
the developments were stimulated by the success of Solvay's 
Ammonia Soda Process in making soda-ash of excellent quality 
and in a very economical manner; but he could not make 
caustic soda except by an additional operation. By 1878 the 
output of caustic soda by the modified Leblanc process reached 
94,000 tons a year. In 1888 the methods of separating the 
impurities from the raw caustic soda solutions had been so 
improved by the Greenbank Alkali Company that the finished 
caustic soda contained 77 per cent, of alkali, a figure which is 
even now only slightly exceeded.^ 

Lastly, the process of Leblanc left the insoluble portion of the 
black-ash as great mounds of waste creating a general nuisance 
that led the manufacturers into great trouble for many years. 
The waste imderwent oxidation, and rain and drainage waters 
dissolved from it soluble sulphides, ix)ly8ulphides, and thiosul- 
phates, which found their way into the drains and streams of the 
district, whither also was discharged the waste weak hydro- 
chloric acid made in the early years of the process; and the 
resultant sulphuretted hydrogen was sufficient to be a nuisance 

^ In practice a product containing 981 per cent. NaOH ia referred to as 
♦*78 iHsr cent, alkali." Theoretically, 100 per cent. !NaOH corresponds with 
77*5 per cent. Na,0. 
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to the inhabitants of districts lying even several miles away from 
the waste. With improvements in the construction of the salt- 
cake furnaces, and also in the condensing towers for the hydro- 
chloric acid, the production of waste weak acid was stopped 
and with it the production of sulphuretted hydrogen. But the 
drainage of the sulphide liquors from the heaps continued to kill 
all life in the water-courses. Many processes have been tried 
to turn the waste calcium sulphide to useful account, but it was 
not till 1888 that in the Chance-Claus process a satisfactory 
method was discovered of ending the nuisance and recovering 



the contained sulphur in a form of much greater value than that 
in wliich it was introduced; the process is described later 
(p.:ur)). 

15 1 ( 1 ) The Salt-cake Proem.— This process is usually com- 
menced in large cast-iron pans nine feet in diameter but 
scarcely two feet deep. Through the doorway shown in the 
upper li ft hand corner of Fig. 90 is introduced the charge of 
16 cwt. of common salt, and on to this is run the quantity of 
sulphuric acid necessary to decompose it completely. This 
amounts to bJ3'5 gallons, or 1,800 lbs. of chamber acid having 
a specific gravity of 1*42. Torrents of hydrochloric acid are 
given off, and the temperature of the mass rises to about 60"^. 
All the strong li\(liochloric acid gas which is thus evolved, 
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being confined by the brick covering of the pan, the closed 
charging door, and the closed discharging door indicated by k 
in Fig. 96, passes through the central opening in the cover, 
and is sucked through a set of attached earthenware pipes into 
the hydrochloric acid condensing towers, described under the 
heading of Hydrochloric Acid (Vol. I., p. 205). When the 
evolution of gas begins to slow down the pan is heated, with 
considerable precautions to avoid local overheating. After 
about one hour’s heating the product is essentially a mixture of 
sodium hydrogen sulphate and common salt, 

2 NaCl + H 2 SO 4 = NaHSO^ + NaCl + HCl, 



which will not react further unless the temperature is raised to a 


Fia. 97. 

much higher degree than the cast-iron pot will stand. The 
mixture is therefore raked through the door indicated by /c, 
Fig. 96, on to the firebrick hearth of an adjacent roaster.” 

The roasters were at first simple reverberatory furnaces, which 
have since been modified mainly in order to obtain the 
strongest possible hydrochloric acid gas which is easy of con- 
densation, but also to avoid contamination of the salt-cake with 
the ashes of the fuel. The older forms of roasters being no 
longer permitted to be erected, only the present form, due to 
Deacon of Widnes, is described ; it is shown in Fig. 97. The fire- 
place is built contiguous to, but several feet below the brick 
chamber or muffle in which the salt-cake is roasted and the acid 
gas is evolved, and the exhaust flue is not above, but under the 
ground level. 

With these modern furnaces it is comparatively easy so to 
regulate the draughts on the furnace and the draught on the 
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muffle and attached condensers that the pressure in the flue 
round the muffle is slightly greater than that in the interior of 
the muffle, thus preventing the passage of the acid gas from the 
muffle through the unavoidable cracks into the chimney, 
although allowing some of the fire-gases to pass into the muffle, 
but in such regulated quantity that they do not interfere with 
the successful working of the condensation. 

Many attempts have been made to carry out the manufacture 
of salt-cake in mechanical furnaces, among which may be 
mentioned those of Jones and Walsh, Cammack and Walker, and 
Mactear.i The revolving furnace of the latter has been the most 
successful in practice, and consists (Fig. 98) of a circular revolv- 
ing bed covered by a fixed arch, between which and the bed the 
furnace gases pass. The salt and acid are constantly fed into a 
large cup in the centre of the hearth, where they mix and 
overflow into the outer portion of the circle, and are subjected 
to the action of the hot gases; by means of fixed stirrers the 
mass is continuously mixed and gradually worked to the circum- 
ference, over which it then falls. The action is thus a continuous 
one, and the amount of hydrochloric acid evolved is therefore 
constant, so that in spite of the fact that the acid-gas is mixed 
with the whole of the furnace gases, the condensation is carried 
out more readily and a more concentrated acid is obtained 
than in the ordinary process. Other types of continuous salt- 
cake furnaces have been described.^ 

Another important process for making salt-cake is that of 
Hargreaves. The object of this is to dispense with the manu- 
facture of sulphuric acid, and it depends upon the fact that, 
although sulphur dioxide cannot by itself decompose salt, it is 
able to do so in the presence of oxygen and water, if sufficient 
time be allowed for the reaction. In order to effect this decom- 
position, a series of large kilns or stoves, built of brick, is so 
arranged that each kiln can be put into communication with 
its neighbour, and each heated by a fire. Each kiln is then 
filled with specially prepared cakes of dried and porous salt, and 
the gases from the pyrites burners are led directly into these 
kilns arranged in series. By careful attention to temperature 
and to the quantity of air and steam admitted with the sulphur 

^ Proc, First General Meeting, Soc. Chem. Ind., 1881, 26; Proc» Roy, Soc, 
Arts, 1880-1, 29, 178. 

* See Lunge, Sulphuric Acid and Alhah, Vol. II (1909), p. 282, and 
Ullmann, Enzyclopddie der technischer chemie, Vol. IX, p. 900. 
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dioxide, it is possible to decompose the salt as perfectly as by 
the old process with sulphuric acid : 

4NaCl + 2 SO 2 + 2 H 2 O +02== 2 Na 2 S 04 + 4HCL 


The hydrochloric acid gas is separated from the accompanying 
residual nitrogen in the hydrochloric acid condensing towers. 
The following is an average analysis of salt-cake : 

NajjSO^ NaHSO^ NaCl CaSO^ Fe^Og 

and insoluble 

96-27 1-48 1-35 0-92 0-32 0-18 = 99-62. 
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152 (2) The Blachash Process —The theory of this process, as 
given by Scheurer-Kestner and Pelouze, is a simple one, so far 
as the chief products are concerned, but it is complicated by 
many secondary reactions, and by the impurities in the raw 
materials. 

When the salt-cake is heated with slack, or powdered coal, 
it behaves like all other fairly stable sulphates, being converted 
into the corresponding sulphide, thus : ^ 

Na 2 S 04 + 2 C-Na 2 S + 2C02, 

and the characteristic part of the Leblanc process is the heating 
of the sodium sulphide with chalk or limestone (calcium carbon- 
ate), whereby sodium carbonate and calcium sulphide are formed, 
of which the former is exceedingly soluble in water at 40° 
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Fio. 99. — Longitudinal Section of Balling Furnace, 


to 50°, whilst the latter is insoluble in water of the same 
temperature : 

NagS + CaCOa = NagCOg + CaS. 

In practice these two reactions are made to take place 
simultaneously, by mixing about 10 parts by weight of salt-cake, 
10 parts of limestone, and 5-7 parts of coal, and heating the 
same in a reverberatory furnace, termed a balling furnace. 
The right-hand half of Fig. 99 shows the longitudinal section 
of such a furnace. 

After exposure to the reducing flames from the furnace for 
two hours, with frequent stirring, the end of the operation is 
indicated by the appearance of yellow flames or candles ’’ on the 
surface of the melt, due to the formation of carbon monoxide 
at the elevated temperature of the furnace by the action of 
carbon on calcium carbonate : 

C + CaC03=:2C0+Ca0; 

1 Kolb, Am. Chm, Phys., 1866, [4], 7, 118; Lunge and Fischer, see Lunge, 
Sulphuric Acid and Alkali^ 1909, Vol. II., Part II., p. 621. 
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this evolution of gas is also of importance for the subsequent 
lixiviation of the black-ash, as it renders the mass porous. 
The liquid mass is scraped out into iron barrows or trucks and 
allowed to cool, and in this state is known, from the colour of 
the mass, as black-ash ball. 

The old black-ash furnace or balling-furnace, in which the 
mixing of the materials is effected by hand labour, has been 
replaced by a furnace termed a revolving black-ash furnace, 
the general arrangement of which is shown by the left-hand 
side of Fig. 100 and in Fig. 101. In this furnace, first patented 
by Elliott and Russell in 1853, but first successfully operated by 
Williamson and Stevenson in 1855, the mixing of the materials is 
effected mechanically. The charge of about 4 tons is introduced 
by means of a hopper into a large horizonal cylinder (b), through 
which flames from a furnace (a) are allowed to pass; this 
cylinder, worked by an engine (c), revolves first at a slow rate, 
afterwards increasing to a maximum velocity of five or six 
revolutions per minute. The cylinder is from 10 to 12 feet in 
diameter and generally from 15 to 18 feet long, but they have 
also been made up to 30 feet long.^ Each charge takes about 
two hours, and when completed the charging hole in the side 
of the cylinder is opened, and by slowly moving the cylinder to 
bring the hole lower and lower, the fused mass is forced to flow 
into a series of iron trucks placed beneath it. The advantages 
of the revolving black-ash furnace over the hand-worked ones 
consist chiefly in the saving of labour and the production of 
a material which possesses a more constant composition. 

Pechiney (1877) showed that cyanides in the black-ash may 
be destroyed by adding a little fresh salt-cake just before the 
charge is finished. The addition of the salt-cake destroys the 
cyanides formed from the nitrogen of the coal by utilising their 
powerful reducing action : 

2NaCN + NagSO, = NagCOg + Na^S + CO -f Ng. 

Weldon (1878) added at the same time 6 parts of salt-cake 
and 7 of limestone. Mactear (1874) had previously added 
quicklime to the extent of 6 to 10 per cent of the weight of the 
original salt-cake and 14 to 16 per cent, of furnace cinders. 

The addition of the limestone causes the evolution of 
carbon monoxide to make the candle flames, and produces a 
limited amount of quicklime, both of which aid the subsequent 

^ Smith, Journ. 8oc, Chem. Ind,, 1887, 6 » 416. 
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lixiviation of the black-ash. Such processes appear to have gone 
out of use, and the materials are now always added in one batch. 


Black-ash contains as principal constituents 36 to 45 per 
cent, of sodium carbonate, and 28 to 31 per cent, of calcium 
sulphide; as remnants of the ingredients, 0-5 to 1-5 per cent, of 
sodium sulphate, 1 to 7 per cent, of coal, and 3 to 6 per cent. 
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of limestone ; as unchanged impurities of the ingredients 1*5 to 
2-5 per cent, of sodium chloride, 1 to 1*5 per cent, of iron as 
oxides, 1 to 2 per cent, of aluminium silicate, 1 to 2 per cent, 
of sand, and about 0*5 per cent, of magnesia; as intentional 
secondary product 8 to 10 per cent, of calcium oxide ; as un- 
intentional secondary products 1-5 to 2*5 per cent, of sodium 
silicate, 0*5 to 1-5 per cent, of sodium aluminate, 1 per cent, of 
sodium ferrous sulphide, and small quantities of sodium 
cyanide and sodium thiocyanate from the nitrogen of the coal, 
also ultramarine. 

153 (3) Lixiviating the Black-ash , — The next operation con- 
sists in the treatment of the black-ash with water. The cakes are 
broken up, and to facilitate this they are first allowed to stand 
in the air for two or three days, when they absorb water and 
begin to split up spontaneously. The water must be at a 
temperature of about 40^^, because if employed much hotter 
the reverse reaction, 

NagCOa CaS = Na^S 4- CaCOg, 

begins, though very slowly. During lixiviation heat is evolved 
and the temperature rises to about and as local temperatures 
must be still higher, it can be understood why the black-ash 
liquors always contain appreciable amounts of sodium sulphide. 
The amount of water used must be limited in quantity so as to 
obtain sufficiently strong solutions ; but in limiting the water the 
moistened black-ash must not be allowed to project through the 
liquor surface into the air, because it would then absorb oxygen 
with great rapidity ; even the liquors absorb oxygen, and hence, 
and also because of the reversal of the reaction, the lixiviation 
has to be conducted as quickly as possible ; the products of the 
oxidation are sodium polysulphides, thiosulphate, sulphite, and 
sulphate. The process used was invented by Buff and Dunlop. 
A series of vats is employed in which the broken black-ash is 
placed; water is allowed to flow on to that portion of the ash 
which by previous operations has already been nearly exhausted, 
and the liquor, slightly increased in specific gravity, falls 
to the bottom of the tank, whence it flows by a pipe to a 
slightly lower level in the second tank. Here and in the 
succeeding tanks the same actions occur, until in the last 
tank the strong liquor coming into contact with the fresh 
black-ash is brought up to full strength, and then flows 
from the bottom of that tank by a pipe which rises to a certain 
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height. The height is so adjusted that a steady flow of liquor 
passes through all the tanks continuously ; owing to the increas- 
ing specific gravity of the liquor, the liquor level in each 
tank adjusts itself a little lower than in the preceding tank. 
The final liquor has a specific gravity of about 1-3 and is 
always coloured. The average time needed for the lixiviation of 
a charge is about forty-eight hours. The residue remaining in 
the vats is known as alkali waste, and is described on page 314. 
During the lixiviation the caustic lime transforms a considerable 
quantity of the sodium carbonate into caustic soda : 

CaO + NagCOg + B.O = 2NaOH -{- CaCOg. 

The liquor contains the following approximate quantities 
in grams per litre : 

NaaCOg NaOH NaCl Na^SO* Na^SiOj Na^S NaAlO, 

225-275 50 20 13 4*8 4 3*8 

Na^SaOj Na^FeCyg NaSCN Na^S-FeS 

1*G 0-3 0-2 0-1. 

The ratio of caustic soda to carbonate may be larger than this, 
say 1 to 3, on account of the reaction just described. 

154 (4) Purifying the Black-ash Liquor . — The black-ash 
liquor may be made to yield directly a deposit of soda crystals, 
but its many impurities cause the crystals to be discoloured and 
impure; hence many, and very various, methods have been 
adopted to purify the crude liquor. 

(a) Keeping the liquor warm and allowing it to settle causes 
a deposit of undissolved fragments from the black-ash, also of 
ferrous sulphide and sodium aluminium silicate. 

{b) Acting on the liquor with carbon dioxide, for the purpose 
(1) of converting the caustic soda into sodium carbonate, (2) of 
converting sodium sulphide into sodium carbonate with evolution 
of sulphuretted hydrogen gas, (3) of decomposing the sodium 
ferrous sulphide into sodium carbonate and insoluble sulphide 
of iron, (4) of decomposing sodium silicate and sodium aluminate 
into sodium carbonate and insoluble silica and alumina, or 
compounds of the same. The sodium ferrous sulphide on 
calcination gives ferric oxide, which discolours the soda-ash. 

(c) Acting on the liquor with air, for the purpose of con- 
verting the sodium sulphide and sodium ferrous sulphide ulti- 
mately into sodium sulphate and oxide of iron. According to 
Lunge the oxidation stops at thiosulphate. This method was 
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used in 1853 by Gossage. The action of the air was sometimes 
aided by adding precipitated manganese dioxide (Weldon Mud). 

(d) Addition of zinc or zinc oxide, both of which are soluble 
in caustic soda solutions, to decompose the sodium sulphide, 
sodium ferrous sulphide, and sodium ferrocyanide, with 
formation of insoluble zinc sulphide, iron sulphide, and zinc 
ferrocyanide. 

(e) Heating the liquor to 180° under pressure (after it has 
been carbonated as above), whereby the ferrocyanides are 
destroyed by very complicated reactions. 

After any of these treatments the liquor is allowed to settle, 
when the still warm and clarified liquor may be drawn off and 
crystallised by cooling. 

Finishing the Black-ash Liqmr . — The course adopted has 
varied much at different times and at different works, and it is 
regulated more by trade than by scientific requirements. 

The purified liquors may be allowed to cool, and deposit 
washing soda crystals, Na2CO3,10H2O, which with draining and 
slight washing are then ready for the market. The mother- 
liquors, being then much more impure, are worked up by one 
of the following methods. 

The liquors are more frequently evaporated to deposit 
crystals of the monohydrate, NagCOgjHgO, from the liquor 
while it is still boiling, and for this purpose the waste heat of 
the black-ash furnace is employed. Large iron pans, vshown 
in Fig. 99 on the left side, and at dd in Figs. 100 and 102, 
are kept filled with the liquor, and as the temperature rises 
and the water steams off, minute crystals of sodium carbonate 
monohydrate, Na2C03,H20, deposit until the pan is filled with a 
thick magma of these and the mother-liquor. It is on account of 
this thick magma of crystals that the English arrangement of 
setting the evaporating pans is adopted, that is, the pan is not 
heated from below, but the liquor is heated from above, the 
fire gases coming into actual contact with the liquor. The doors 
in the pan sides shown in the several figures are then opened, 
and the contents are raked out into the drainer (e in Figs. 101 
and 102), and there allowed to drain; the mother-liquor from 
the crystals contains largely increased amounts of caustic soda 
and of salt compared with the sodium carbonate, and it is either 
mixed with sawdust, evaporated to dryness, and calcined for the 
purpose of ultimately making a low grade ash, or else it is 
evaporated to dryness without any such addition to obtain 
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ultimately a product known as “ caustic ash.” By special 
attention the monohydrate crystals may be obtained in a con- 
dition of great purity, and after well draining and slight washing 
they are sent into the market under the name of “ crystal 
carbonate.” Evaporation is also effected in Th^len pans, semi- 
cylindrical iron pans heated below by hot furnace gases, and 
provided with scrapers attached loosely to the arms of a 
revolving horizontal shaft. 

By heating the monohydrate in a reverberatory furnace it is 
converted into the anhydrous sodium carbonate, NagCO^, com- 
mercially known as “ soda-ash.” Monohydrate containing 
sodium ferrous sulphide or sodium ferrocyanide always gives an 
ash coloured yellow by ferric oxide. 

When soda-ash is to be used for cleaning wool it must be 
particularly free from caustic soda, but if it is to be used for 
soap or paper-pulp making, the presence of even a considerable 
amount of caustic soda is an advantage. 

155 Production of Caustic Soda from Black-ash Liquor , — 
A totally different method of dealing with the caustic soda 
found in black-ash liquor was initiated by Gossage in 1853. 
Taking the mother-liquor from the monohydrate crystals with 
its high accumulated contents of caustic soda already referred to^ 
he continued the evaporation, but as any “ salt ” was deposited, 
whatever its nature, it was fished out with perforated ladles 
and so removed, until the residual caustic soda, which is the 
most soluble of all the constituents of the liquor, became so 
concentrated that on cooling the whole set into a solid mass, 
still containing 10 to 15 per cent, of water. This was the first 
solid caustic soda made commercially, and was known as “ cream 
caustic”; it did not contain more than GO per cent, of alkali 
(NagO), and was blue, green, yellow, or red, but never white. 

As the uses for solid caustic soda rapidly extended, the 
black-ash was so mixed as to yield more caustic soda in the 
liquor; and lastly, instead of evaporating the black-ash liquor 
to recover what sodium carbonate it contained, it was diluted 
considerably till only of about 1-09 specific gravity, and the 
sodium carbonate present was then causticised by adding the 
necessary amount of lime and heating : 

NagCOa + Ca(OH)2 = 2NaOH + CaCOg. 

After this the mixture was blown with air to oxidise the sul- 
phides of sodium and iron, allowed to settle, and the liquors were 
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evaporated. During the evaporation some of the impurities, 
consisting of sodium sulphate and chloride, and also the small 
amount of sodium carbonate always remaining unacted on by 
the lime, crystallise and are fished out or allowed to settle ; the 
purer liquid in the last stages of the evaporation is oxidised by 
a current of air or by nitre, whereby sulphides are converted 
into sulphate, whilst ferrocyanide is destroyed with separation of 
graphite, and a red precipitate of ferric oxide is thrown down. 
When the caustic has become anhydrous the separation of the 
iron is complete, as was first pointed out by Ralston in 1860, 
and the addition of less than a handful of nitre or of sulphur 
will cause a large pot holding 16 tons of molten caustic to 
change from yellow through white to green or vice versa. After 
partial cooling, during which the ferric oxide settles, the still 
molten caustic, colourless as water, is ladled into thin sheet-iron 
drums. White caustic soda was first manufactured largely in 
1862. By great attention to the methods of purification the 
caustic soda now manufactured is made to contain as much as 
76 per cent, of alkali, but various other strengths are made, 
down to 60 per cent, of alkali. Sodium carbonate is no longer 
the principal product of the Leblanc process, but sodium 
hydroxide. 

Alder Wright has made a series of experiments on the loss of 
sodium occurring in the Leblanc processes. He believes it to 
be as follows : 

Sodium compounds vaporised . . 1*14 per cent. 

Sodium sulphate undecomposed . . 3-49 ,, 

Sodium compounds rendered insoluble . 5-44 „ 


10*07 „ 

156 Alkali Waste and its Utilisation . — The insoluble waste 
remaining from the lixiviation of the black-ash has a variable 
composition, but its nature may be seen from the following 
analyses, the first from a black-ash charge made for carbonate, 
and the second from a charge made for mixed caustic and 
carbonate : 

CaS. CaCOg. Moisture. Coke. Ca(OH) 2 . Na^COgjCaCOgjSHjO Sundries. 

30*17 18*53 33*79 8*46 1*22 4*01 4*51 

26*46 22*26 32*98 3*84 6*33 5*63 3*31 

The double carbonate of sodium and calcium occurs native as 

gay-lussite in certain Salt Lake deposits, and this compound 
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is the cause of the loss from sodium compounds rendered 
insoluble. To avoid its formation the amount of lime in the 
black-ash charge is reduced to a minimum. 

For every ton of soda-ash there are one and a half to two 
tons of waste produced, and this accumulates in enormous 
quantities. 

The present method of utilising alkali waste is due to Chance, 
who after years of experimental work at Oldbury, near Bir- 
mingham, devised a process that has been adopted by many 
large English and French works. The waste gas from lime- 
kilns, containing about 28 per cent, of carbon dioxide and 72 per 
cent, of nitrogen, is forced by powerful pumps through a series 
of from four to six tall closed cylinders containing a thin creamy 
mixture of alkali waste and water. The first action of the gas 
is to convert the calcium sulphide into hydrosiilphide and 
carbonate : 

2CaS + H^O + CO 2 - Ca(SH )2 + CaCOg. 

The nitrogen, the only gas remaining at this stage, is 
sometimes allowed to escape, so as to increase the strength of 
the sulphuretted hydrogen ultimately obtained, 40 per cent, of 
the nitrogen otherwise necessarily present being thus actually 
eliminated. The second action of the carbon dioxide is to 
convert the calcium hydrosulphide into calcium carbonate and 
sulphuretted hydrogen, which necessarily is admixed with the 
nitrogen that accompanied the carbon dioxide : 

Ca(Sn )2 + CO 2 + H 2 O = CaCO, + 2 H 2 S. 

As it is not possible to separate these two processes completely, 
the strongest gas obtainable contains : 

HaS. COa. Na. 

33-5 1*7 64*8 

but if no attempt is made to separate the two processes, the 
resultant gas contains only 25 per cent, of sulphuretted hydrogen. 
The residual “ cream ” from the carbonating towers is entirely 
free from sulphides, and is filtered in presses so as to obtain : 

(1) a clear liquid containing about 2 per cent, of sodium bicar- 
bonate, which is used to dissolve fresh charges of black-ash, and 

(2) cakes of innocuous calcium carbonate. This material is 
usually stacked in waste heaps, though some has been used in 
the making up of the black-ash charge, and some for making 
Portland cement. 
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The second part of the Chance process consists in so burning 
the sulphuretted hydrogen as to produce sulphur and water : 

2H2S + 02 = 28 + 2H2O. 

Since the air used in burning the sulphuretted hydrogen 
contains about four-fifths its volume of nitrogen, it is clear that, 
starting even with the strongest gas obtainable (see above), the 
proportion of nitrogen to sulphuretted hydrogen in the mixture 
submitted to combustion will be at least 4:1 by volume. 
The combustion is carried on continuously in a kiln, called 
the ClaiLS kiln, lined with fire bricks, and provided with a false 
bottom, on which rests a layer of broken brick, and then a 
thinner layer of oxide of iron, which acts as a catalytic agent, 
and enables the reaction to proceed. The gas and air are 
led, each in carefully regulated quantity, under the false 
bottom, where they are kindled; the heat evolved by the 
reaction maintains the necessary temperature of the kiln. A 
portion of the sulphur runs molten from the kiln, the rest 
distils off with the water, and by passing the vapours through 
cooling chambers the sulphur is condensed, partly in the molten 
form, and partly in the form of flowers.’’ If the kiln is made 
to do too large an amount of work, its temperature rises higher, 
and a new reaction sets in : 

3 S + 2H2O = SO2 + 2H2S, 

which leads to a loss of 12 to 20 per cent, of the sulphur in the 
exit gases. 

In practice not only do the exit gases from the Claus kiln 
always contain small but appreciable quantities of sulphuretted 
hydrogen and sulphur dioxide, but the waste nitrogen from the 
carbonating towers is liable to contain sufficient sulphuretted 
hydrogen to create a nuisance, if the carbonators are worked so 
as to produce a strong sulphuretted hydrogen. These draw- 
backs have been overcome by burning the small amount of 
sulphuretted hydrogen to sulphur dioxide, absorbing this and 
the sulphur dioxide originally present in a tower containing 
limestone and water, and running the resultant weak acid calcium 
sulphite to waste. 


Cryolite Process. 

157 Cryolite, or sodium aluminium fluoride, 3NaF,AlF3, a 
mineral mined only in Greenland to the extent of 6,000 to 
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7,000 tons per annum, is used as the raw material for the 
manufacture of a limited amount of sodium carbonate.^ The 
process, devised by Thomsen of Copenhagen in 1849, and first 
utilised on a large scale in 1854, is founded on the fact that 
when this mineral is heated with chalk, carbon dioxide escapes, 
leaving behind a mixture of calcium fluoride and sodium 
aluminate : 

2(3NaF,AlF3) + eCaCOg = (3Na20,Al203) + GCaFg + GCOg. 

The sodium aluminate is separated from the calcium fluoride by 
lixiviation and the solution carbonated with carbon dioxide. 
There is thus obtained a solution of sodium carbonate ready for 
evaporation to the crystallising point, and a granular precipitate 
containing 45 per cent, of alumina, 20 per cent, of sodium 
carbonate, and 35 per cent, of water, from which the sodium 
carbonate is extracted by long-continued washing with hot 
water. 

In 1865 the monopoly for the cryolite was obtained by a 
firm near Pittsburg, and hardly any soda is made from it else- 
where. 


Ammonia-Soda Process. 

158 This process consists in passing carbon dioxide into a 
solution of sodium chloride containing ammonia; ammonium 
carbonate and ultimately ammonium bicarbonate is formed, 
which then enters into reversible double decomposition with the 
sodium chloride to form sodium bicarbonate : 

NHJICO3 -f NaCll:;NaHC03+NH4CI. 

Sodium bicarbonate being very slightly soluble in a solution of 
either ammonium chloride or sodium chloride separates out, 
and after mechanical removal of the mother-liquor may be con- 
verted by calcining into the normal carbonate and carbon 
dioxide, which last is used again in the first part of the process. 
The mother-liquors, containing ammonium chloride and a 
considerable proportion of unaltered sodium chloride, are heated 
with lime, and the ammonia thus recovered is used again in the 
first part of the process. The only essential waste product 
is therefore a solution of calcium and sodium chlorides, but in 
practice a considerable amount of lime sludge is produced. 

The reaction is incomplete, only two-thirds of the common 
^ Thomsen, Dingl. Polyt, Journal, 1862, 166, 441. 
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salt being decomposed under working conditions. The remaining 
third is wasted. The equilibrium has been investigated by 
Fedotieff.^ 

Simple as the process is from a chemical point of view, the 
practical difficulties, of mechanical nature, were so great that, 
although the process was patented in England in 1838 by Dyar 
and Hemming, it was not until 1855 that it was first practically 
carried out by Schlosing and Holland near Paris. They did 
not, however, succeed in overcoming all the numerous practical 
difficulties surrounding the subject, and discontinued the process 
in 1857. The credit of having brought the process to an 
economical issue belongs to Solvay, who in 1861 took out his 
first patent, in 1863 erected his first factory near Brussels, and 
in 1872 made the process really successful, so that he was 
enabled to build a very large factory near Nancy. In 1872 
Solvay’s output was only 10 tons of soda per day, but in 1888 
the Solvay Syndicate Works in England were reported to make 
125,000 tons, while those on the Continent made 245,000 tons, 
and those in America 60,000 tons, a total of 430,000 tons out of 
the world’s total production of 900,000 tons by all processes ; in 
1900 the production of ammonia-soda amounted to 900,000 
tons, while the total by all processes was 1,500,000 tons. It 
probably now exceeds 3,000,000 tons per annum. The works 
started in England under Solvay’s patents were those of Brunner 
Mond & Co., at Northwich; they commenced operations in 
1874 and were the first works to use natural brine direct ; various 
improvements introduced by L. Mond enabled their output to 
be increased from 2,500 tons in 1875 to 169,000 tons in 1892. 
Owing to the erection of other ammonia-soda works in this 
country the output of ammonia-soda steadily rose until in 1895 
it reached 428,614 tons, thus exceeding the 408,173 tons produced 
by the Leblanc process. In 1904 the British ammonia-soda 
works consumed 1,703,805 tons of salt as such or in the form of 
brine. Many minor modifications have been introduced by 
numerous manufacturers, and the processes conducted in the 
ammonia-soda works of to-day contain many details differing 
from Solvay’s original proposals. 

The advantages of the process over the Leblanc process are : 
(1) that the cost of manufacture is less, chiefly because of the 
use of the brine pumped directly from the salt beds and because 
of the smaller amount of fuel required ; (2) that it gives rise to 
^ Zeit, phyaikal, Chein,^ 1904, 65, 2. 
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no noxious by-products, although the disposal of the waste- 
liquors containing calcium chloride and lime sludge is a difficulty, 
and (3) that it yields a purer product. The disadvantages of 
the process are : (1) great care has to be exercised to avoid any 
considerable loss of ammonia, the cost of which is relatively very 
high; (2) the whole of the chlorine of the sodium chloride is 
lost, as no simple and economical process has yet been devised 
for recovering it from the calcium chloride on a very large scale, 
notwithstanding numerous attempts ; (3) the proportion of salt 
used per ton of sodium carbonate made is much greater than 
in the Leblanc process. 

Brine, pumped direct from the mine, always contains minor 
constituents that cause considerable trouble. The constituents 
(grams per litre) contained in a typical sample are : 

NaCl CaSO^ CaClj MgCl^ 

290 4*5 2*1 0-6. 

By treatment with milk of lime and subsequent settling, the 
magnesium chloride may be converted into calcium chloride and 
a precipitate of magnesium hydroxide, and the latter removed. 
By the subsequent addition of either sodium carbonate, or of 
liquors containing ammonium carbonate, the bulk of the calcium 
salts is precipitated as calcium carbonate and this also is removed 
by settling. The purified brine must not be too strong, because 
otherwise the addition of ammonia gas would so reduce the 
solubility of the sodium chloride as to cause some of it to crystallise 
out. Ammonium chloride may also be precipitated if the brine 
is fully saturated. Whether water requires to be added or not 
depends upon the manner of preparing the ammonia gas, because 
this may bring with it larger or smaller proportions of water 
vapour. In practice no initial purification of the brine, except 
that involved in the saturation with ammonia, is usual, although 
troublesome scale-formation in the apparatus may occur with 
unpurified brine. 

The apparatus for saturating the brine with ammonia is 
sometimes a simple vertical tank containing the purified brine, 
into the bottom of which the moist ammonia gas is forced by 
pressure generated in the still where the gas is made. Some- 
times it is a tower subdivided by many partitions over which the 
liquor flows gradually downwards, while the ammonia gas at 
almost atmospheric pressure passes up the tower. Whatever 
the form of the apparatus the solution becomes warm, and by 
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various cooling devices is partially cooled. Owing to the residual 


lOOui 



Fig. 103. 


lime and magnesia salts in the brine, 
a precipitate of the carbonates of these 
metals is formed, which is prevented 
from becoming admixed with the so- 
dium bicarbonate subsequently formed 
by passing the ammoniacal brine 
continuously through a series of large 
settling tanks, from the conical bottoms 
of which the mud may be drawn off. 
The resulting liquor, containing an 
average of 60-75 grams NHg and 270 
grams NaCl per litre, is run into a 
montejus, whence it is forced by gas 
pressure from the carbon dioxide mains 
into the carbonating tower. 

The form of carbonating tower intro- 
duced by Solvay is shown in Fig. 103, 
and consists of a large number of 
superposed cylindrical compartments 
or drums, one of which is shown on 
a larger scale in Fig. 104. The bottom 
of each compartment has a large cir- 
cular opening in the centre, over which 
is a perforated sieve having the shape 
of a spherical segment, which is sup- 
ported by light stays and does not 
quite reach the inner wall of the drum. 
The cooled ammoniacal brine enters 
some distance below the top of the 
tower by the pipe c, and fills the 
tower nearly to the top. The carbon 
dioxide, forced in through 6 under a 
pressure of l‘5-2*5 atmospheres, is 
divided by the sieve holes into nume- 
rous small streams, which pass through 
the brine and reunite in the large 
central opening of the next compart- 
ment; this subdivision of the gas is 
repeated in each compartment. But 


as the holes in the Solvay tower after about a fortnight’s 


work get plugged up with a scale of sodium bicarbonate, the 
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process has to be stopped and the towers washed out with boiling 
water, and then allowed to cool. 

To obviate this difficulty other forms of carbonator are used, 
amongst which may be mentioned that of Honigmann, viz., a 
set of three cylinders, through which the carbon dioxide is passed 
in succession at a much lower pressure than that employed by 
Solvay. When the contents of the first vessel are carbonated, it is 
discharged, refilled with fresh ammoniacal brine, and replaced in 
the series, but as the last vessel ; the vessels are 10 feet in diameter 
and 10 feet high only. The utilisation of carbon dioxide is less 
complete in this apparatus than in the Solvay tower, and the 
latter is now almost the only form of apparatus used. In 



France the Boulovard process is used, in which carbonisation is 
effected in a battery of iron cylinders with horizontal agitators. 

The carbon dioxide is obtained partly from the continuous 
shaft lime-kilns required to prepare the lime subsequently used 
to recover the ammonia, and in that case contains about 30 per 
cent, of carbon dioxide, and requires cooling and freeing from 
accompanying dust and sulphur dioxide; this is effected by 
making it bubble several times through shallow layers of flowing 
water. Carbon dioxide is also obtained from the calcination in 
closed pans of the sodium bicarbonate, and is then much purer 
than the above (p. 323). The gas is drawn by a powerful 
pump, and delivered at a pressure of about 45 lb. per square 
inch for the Solvay towers, or 10 lb. for the Honigmann apparatus, 
cooled to about 30°. 

VOL. II. (l ) 
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The absorption of the carbon dioxide to form first normal 
ammonium carbonate, (NH 4 ) 2 C 03 , and then the bicarbonate, 
(NH 4 )HC 03 , is accompanied by the evolution of a considerable 
amount of heat which is removed by a series of horizontal water- 
cooling tubes (Cogswell tubes) passing through the Solvay tower, 
or by flowing cooling water over the exterior of the Honigmann 
carbonators. In no case may the temperature exceed 70°, or 
the ammonium carbonates begin to decompose ; neither may the 
temperature be lowered too much, because then the sodium 
bicarbonate comes down so finely divided that it is most difficult 
to filter and wash, and at 10° ammonium chloride begins to 
crystallise out. During the reaction the temperature should 
be kept at 30-40°, but just at the last it may be reduced to 15°, 
to render the separation of the sodium bicarbonate more com- 
plete. 

The inert gases escaping from the carbonating apparatus 
always carry away about 3-4 per cent, of carbon dioxide and 
about 8 per cent, of the total ammonia originally present in the 
ammoniacal brine; to recover the latter the gases are passed 
through a series of scrubbers, some containing brine, others 
water, and others dilute sulphuric acid. Two towers in series 
may also be used ; the first is worked to the normal ammonium 
carbonate stage, and the process finished in the second by a 
stronger current of carbon dioxide. 

Every half-hour a portion of the contents of a Solvay tower 
is drawn off from the bottom of the tower, or at suitable 
intervals one of the Honigmann carbonators is blown empty by 
compressed gas. The pasty liquid runs on to rotary vacuum 
filters, consisting of hollow perforated drums covered with flannel, 
inside which a reduced pressure is maintained. The drum dips 
into a trough containing the magma and the flannel retains the 
crystals of sodium bicarbonate; the latter is washed very 
carefully with water to remove the ammoniacal mother-liquor as 
completely as possible, and scraped off continuously by a knife. 
In washing approximately 10 per cent, of the bicarbonate is lost. 

The washed bicarbonate is dried and calcined, by which 
treatment the small quantity of accompanying ammonium salts 
is decomposed with liberation of free ammonia, and about 
three-quarters of the bicarbonate is converted into sodium 
carbonate, carbon dioxide, and steam. The bicarbonate must 
be freed as completely as possible from mother-liquor, since the 
ammonium chloride in the latter forms sodium chloride on 
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calcination : 2NH4CI + NagCOg = 2NaCl + 2NH3 + COg + 
IlgO. Many different forms of apparatus have been patented 
for conducting this operation; that known as a Thelen pan is 
largely used. It consists of a semi*cylindrical cast-iron pan 
heated externally from below, and provided with a central shaft 
having an oscillating or rotary motion; to the shaft are fixed 
arms carrying pivoted shovels, which push the encrusted carbonate 
off the pan sides and gradually move it from end to end, so that 
it is discharged of uniform quality. The pan is suitably covered, 
so that the evolved gases may be sucked away ; they are cooled, 
then passed through a scrubber to recover the ammonia, and 
are lastly forced by a special pump into the carbonating 
apparatus; if due care is taken in working the apparatus, the 
gases may contain 60-80 per cent, of carbon dioxide. 

The resulting sodium carbonate may for some purposes be 
used as it is, but for others it is necessary to heat it more 
strongly, to decompose all the bicarbonate and to make it less 
voluminous for packing and shipping. This second heating is 
done in reverberatory Mactear furnaces fired by coke, and no 
use is made of the carbon dioxide in the resulting gases. The 
hot product is cooled on iron plates, and then packed in casks or 
bags. It usually contains a little sodium chloride (see above). 

The mother-liquor from the sodium bicarbonate contains 
approximately one-third of the original salt unaltered; and in 
place of the salt actually decomposed it contains the corre- 
sponding amount of ammonium chloride, and in addition an 
excess of ammonium bicarbonate equal to about one-fifth of 
the ammonium chloride present. The treatment of the mother- 
liquor consists first in simple heating, which decomposes almost 
all the ammonium bicarbonate. The resultant gases, carbon 
dioxide and ammonia, are separated from the bulk of the 
accompanying steam by the use of a distilling column, and are 
then both utilised by being absorbed by fresh brine in the 
ammonia apparatus. To the residual hot liquid containing 
the sodium and ammonium chlorides a sufficiency of lime is 
added, and the treatment with steam continued in a column still 
until the gases evolved, which are cooled to condense part of the 
moisture and drawn off by an air pump, are practically free 
from ammonia. The efficient recovery of the ammonia at this 
stage, and also at the minor stages previously described, is the 
criterion for the commercial success of the whole manufacture, 
for the preparation in one operation of one ton of “ ammonia 
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ash/^ valued at £4, requires the assistance of the ammonia 
obtained from no less than two and a half tons of ammonium 
sulphate, valued at £32. The efficiency of the recovery has 
been constantly improved, until now in well-conducted works 
it is well over 99 per cent. 

The waste liquor from the ammonia stills, with considerable 
quantities of suspended calcium carbonate and hydroxide, is run 
into settling tanks to deposit the solids, which are waste, and 
the clear liquor, containing the undecomposed salt, and calcium 
chloride corresponding to the decomposed salt, is run into the 
water-courses also to waste. Schreib proposed to separate 
ammonium chloride from the bicarbonate mother-liquors by 
saturation with salt and ammonium carbonate. The ammonium 
chloride is filtered off and the liquid sent to the carbonators. 
It is proposed to utilise some such process in connexion with 
the synthetic production of ammonia by the Haber process. A 
certain amount of ammonium chloride is made from the mother- 
lupiors by Brunner Mond & Co. by saturation with salt at 

In recent years the ammonia-soda works have not been 
content to send out their alkali in the form of soda-ash only, 
for they now convert the same into soda crystals, by solution in 
warm water and crystallisation by cooling, or into caustic soda, 
by the ferric oxide process (see p. 332) or by the old method of 
dissolving in boiling water and agitating with lime. The liquor 
produced in either of these ways being quite free from sulphides 
is not so corrosive towards iron, and therefore it is no longer 
necessary to adhere to the simple forms of evaporators — 
thick cast iron pans — which are so usual in alkali works. In 
1902, an improved form of vacuum evaporator was introduced 
by Kestner which has been successfully applied very widely to 
ammonia soda-ash liquors on the Continent, and a little later to 
Leblanc caustic liquors in this country. The economy in fuel 
effected by this apparatus is very considerable; the apparatus 
is termed a climbing film one, because the liquor while undergoing 
evaporation exists only as* a very thin film on the sides of the 
long vertical heating tubes up which it is driven by the violent 
rush of the steam evolved from itself. The tubes are enclosed 
in a steam jacket. The liquor contains 77 per cent, of caustic 
soda ; it is evaporated further in iron pots over a fire until fused 
caustic soda remains. 
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Electrolytic Processes.^ 

IS 9 Although the electrolytic decomposition of common salt 
solution with the production of caustic soda was noticed by 
Cruickshank in 1800, and although the quantitative relations 
of such electrolysis were made known by Faraday, who also 
showed how to convert mechanical into electrical energy, yet 
it was not until 1872, after Gramme in Pelgium had built 
the first useful dynamo, that electrochemical processes other tlian 
the deposition of thin coatings of copper, silver, gold, and nickel 
became commercially possible. A British patent was granted 
to Charles Watt in 1851 for the electrolysis of common salt. 

The first electrochemical process on a large scale was tliat of 
copper refining, started in 1876; this was followed in 1883 
by the work of Hdpfner in Duisberg on the electrolysis of 
molten sodium chloride. 

In 1885 as the result of work by Breucr at Duisberg on the 
electrolysis of aqueous solutions of alkali-chlorides an experi- 
mental works was erected in Griesheim. The separation of 
the products of the electrolysis was here effected by a porous 
diaphragm made from Portland cement mixed with acidified 
brine ; the shape of the diaphragm was that of a box, through 
the lid of which the carbon anode passed. After the complete 
setting of the cement, a soaking in water removed the crystallised 
salt and the lime salts produced by the added acid, and the 
diaphragm was thus made very porous so as to permit an easy 
passage of the electric current. In the present type of cell twelve 
such porous vessels with anodes are placed in an outer iron vessel, 
serving as a cathode, with an additional iron cathode between 
evey pair of anodes. The vessels are filled with potassium chloride 
solution, and the same solid salt is fed into the anode vessel to 
keep that liquor saturated. The temperature is maintained at 
about 80° by means of heating pipes in the bath. On passing 
the electric current, chlorine is evolved at the carbon anodes and 
thence passes away by suitable pipes, while the potassium is 
liberated at the cathodes and reacts there with the water to 
form caustic potash and hydrogen, which may be utilised. When 
the caustic has increased to 40-80 grams per litre of the cathode 
liquor, the liquor is removed and evaporated in multiple-effect 
vacuum evaporators so arranged as to allow of the removal of 

^ Foorster, Elektrochemie udsseriger Loaungen, 1915; Askenasy, Techmsche 
Elektrochemte, 1916; Thompson, Applied Electrochemiatri/y 1911. 
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the large quantity of undecomposed potassium chloride which 
separates ; the concentrated mother-liquor is then further 
evaporated in nickel pans to produce the solid alkali. The 
current eflBciency is only 70--80 per cent. The carbons are 
quickly attacked, and the escaping chlorine contains 8-10 per 
cent, of carbon dioxide. The porous diaphragms do not com- 
pletely prevent the cathode liquor from obtaining access to the 
anode, hence hypochlorites and chlorates are formed in the anode 
liquor and oxygen is evolved at the anode, so that the escaping 
chlorine may contain 10 per cent, of electrolytic oxygen. 

More resistant anodes are now made of cast magnetite pre- 
pared thus : burnt pyrites, from the manufacture of sulphuric 
acid, is heated in an electric furnace to fusion; the FegOg is thus 
converted into FeO, and therefore, further quantities of FcgOg 
are added just before casting into the anode forms, so as to 
bring the melt to the composition Fe 304 . With these anodes a 
current efficiency of 80 to 84 per cent, is reached. 

This Griesheim process, in spite of its many imperfections, is 
so successful that in 1912, at works in Griesheim, Bitterfeld, 
Westeregeln, Ludwigshafen, and Rheinfelden in Germany, at 
Lamotte in France, at Flix in Spain, and at works in South 
Russia, no less than 33,000 horse power were being employed. 

In England there is no native potassium chloride to convert 
into caustic potash, and the pecuniary inducements to elec- 
trolyse sodium chloride were not nearly so great. The first serious 
attempts were not made till 1888, when at the Snodland Paper 
Works in Kent the process of Greenwood was tried. In this 
a diaphragm built up of alternate layers of porcelain rings 
and asbestos was utilised. The caustic liquid produced contained 
but 2-2 per cent, of caustic soda and this was accompanied by 
10*7 per cent, of sodium chloride. 

In 1892 Hargreaves and Bird introduced a novelty in that 
the cathode, instead of being separate from the diaphragm, is so 
completely adjacent to it that the two are built up together, 
and the liquor which percolates from the anode compartment 
through the diaphragm hangs upon the iron wire gauze forming 
the cathode by capillary attraction only, and the cathode com- 
partment contains no other liquor. From the cathode the alkali 
is washed away by passing steam into the cathode compartment. 
The anodes consist of blocks of carbon, and the chlorine evolved 
is used in the manufacture of bleaching-powder. Two-thirds of 
the salt is decomposed. The efficiency of the cell is increased 
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by bringing into the cathode compartment kiln gases containing 
carbon dioxide, but the product is thereby changed from caustic 
soda to sodium carbonate, which is obtained as crystals 
NagCOsjlOHgO. The cell is worked at 85°, the current density 
being 0-028 amp. per sq. cm., and the voltage 3-6 to 4-5, usually 4 
volts. The current efficiency is 92 per cent. The chlorine gas is 97 
to 98 per cent, pure and a 10 to 15 per cent, solution of sodium 
carbonate is obtained. Each cell takes 2000 to 3000 amperes. 
This process is worked with the Cheshire brine at Middlewich. 

In 1905 Townsend ^ introduced at Niagara Falls and at Sault 
St.-Marie in the United States a cell very similar to that of 
Hargreaves and Bird with a more complete counterflow move- 
ment. The improvement is made by filling with high boiling 
mineral oil that part of the cathode chamber which in the Ilar- 
greaves-Bird cell is full only of steam and waste combustion gases. 
The hydrostatic heads of the brine and of the oil may be made 
nearly to balance, and by regulating the outlet level of the brine 
the percolation of the brine through the diaphragm to the cathode 
can be controlled and the percentages of caustic and salt in the 
product kept at any desired figures. The hydrogen bubbles and 
the alkaline liquor are constantly thrown off from the cathode 
into the body of the oil; the hydrogen rises to the surface of 
the oil, whilst the liquor sinks to the bottom and is then drawn 
off by an inverted syphon. The Townsend cell is used by the 
Hooker Electrochemical Co. at Niagara Falls. The capacity 
is 2000 to 2200 amperes. The cell is 2-4 m. long and 0-9 m. 
high, and 30 cm. thick. The mean voltage is 4-5. The anode 
current density is 0-13-0-16 amp. per sq. cm., the current 
efficiency is 95 to 96 per cent. The caustic liquor contains 
150-200 grams NaOII and about an equal weight of NaCl per. 
litre. The chlorine contains only about 2 per cent, of COjj. 
Larger cells, with capacities up to 16,500 amps., are in use.^ 

In 1892 Castner in Oldbury, near Birmingham, and Kellner 
in Vienna began to electrolyse brine in a fundamentally 
different manner. In all the foregoing and also in all the 
subsequent processes it is to be noted that great difficulties are 
encountered in the endeavour to separate completely the products 
of two reactions : 

2NaCl = 2Na + Clg, and 2Na + 2 H 2 O = 2NaOH -f H 2 . 

' J. Soc. Chem, Ind., 1907, 28, 740. 

* Palmaer, Elektrclyse von KocJisalzldsungen in Verbindung mil der Zellulose- 
Industrie, Stuttgart, 1916, p. 42. 
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In none of the electrolytic processes above-mentioned is this 
complete separation obtained; by that next described the 
separation is obtained. In 1807 Davy discovered sodium 
amalgam; in 1882 and succeeding years proposals were made 
to use it in the electrolysis of brine. Of these, the processes of 
Castner and of Kellner in 1892 have proved successful. 

The anodes are arranged in the upper part of the brine, and 
at the bottom of the latter is a moving layer of mercury which 
forms the cathode. When the electric current is made to pass, 
chlorine gas is evolved at the anodes and rising through the 
brine passes out from the apparatus by a suitable pipe. The 
sodium liberated at the cathode unites there with the mercury 
to form sodium amalgam, which rapidly diffuses from the surface 
into the mass of the mercury below. Whilst sodium is acted 
upon with great rapidity by water, with sodium amalgam the 
reaction takes place much more slowly, and therefore it is easily 
possible to remove the sodiiun amalgam from the apparatus. 
The sodium amalgam passes into an adjacent cell or compartment 
which is fed with water and contains also an iron electrode; 
these three items form the elements of a galvanic battery and as 
soon as the circuit is closed the water or the dilute caustic soda 
solution is electrolysed, hydrogen being evolved on the iron 
electrode and oxygen being evolved on the amalgam, which 
thus loses its sodium, and the strength of the caustic soda solution 
is increased. Finally the mercury is returned to the first com- 
partment or cell and the operations are repeated. The two 
essential reactions are thus absolutely separated, and the caustic 
soda solution obtained is very much stronger and purer than, can 
be obtained by any of the preceding or succeeding processes. 
Mercury processes are used at Weston Point and Oldbury in 
England, at Mannheim, Miilheim, Osternienburg, and Rhein- 
felden in Germany, at Jemeppe in Belgium, and at Niagara 
Falls in the United States. The cells at Niagara take 630 amps, 
at 4-3 volts ; the temperature is 40° C. The current densities 
on the graphite and mercury electrodes are 0-16 and '0-12 amp. 
per sq. cm., respectively. The current efficiency is 90 per cent. 
The chlorine is 97 per cent. pure. 

In 1898 a modified form of a process originally devised by 
Richardson and Holland in 1890 was worked out at Aussig in 
Bohemia with certain modifications. Into the upper part of a 
bell-shaped vessel is fixed an anode, and also an inlet for a constant 
small supply of brine; twenty-five of these bells stand in a 
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large bath that contains the cathodes. The caustic soda solution 
formed is denser than the surrounding brine, and sinks down 
into the tank in which the bells are immersed. By very careful 
attention to the various dimensions, the current density, and 
above all to the feed of the fresh brine into the upper part of 
the bell, and the removal of the caustic liquors from the outer 
cell, this process with its simple apparatus has been made to 
yield good results. A large portion of the improvement over 
the original process of Richardson and Holland is attributed 
to the counterflow movement between the constant brine feed 
and the electrolytic migration of the hydroxyl ions from the 
cathode to the anode. In 1913, works in Austria and in Germany 
were utilising 12,000 horse power. 

In 1906 the principle of the counterflow of an electrolyte and 
the migration of an ion was embodied in a cell designed by 
Billiter.^ In this cell (made by Siemens, and hence known as 
the Billitcr-Siemens cell), a horizontal diaphragm of asbestos 
covered loosely with a mixture of barium sulphate and asbestos 
wool is supported on an iron gauze which constitutes the cathode. 
Below this is an empty compartment. The anode consists of 
graphite plates supported over the diaphragm. Brine is run 
continuously into the anode chamber, avoiding disturbance of 
the liquid present which, owing to the migration of the sodium 
and chlorine ions, separates into three layers. The bottom 
layer, on, and in, the diaphragm is a dense solution of caustic 
soda ; above this is a neutral brine layer, and at the top a slightly 
acid layer. The caustic soda solution drains through the 
diaphragm into the space below, from whence it is removed 
immediately by a pipe. Hydrogen is evolved from the cathode 
into this space and passes out by another pipe. In 1917 the 
process had been installed in sixteen works, using a total of 
28,000 horse-power. 

Billiter has also designed another cell (known as the Billiter- 
Leykam cell) using the same principle of the counterflow of an 
electrolyte and the migration of an ion, in which the diaphragm 
is dispensed with, the cathode consisting of a grid of iron bars 
each surrounded by asbestos hose through which the hydrogen 
travels out of the cell without disturbing the body of the liquid. 
The liquid, fed in regularly and carefully at the top, flows 
through the grid, the caustic soda solution produced finding 

‘ BiUitcr, Dte ehktrtsche Alkaltchlortdgemnnnng, 1913, Vol II ; Zeit. 
Elektrochem , 1917, 23. 327-334. 
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its way out at the bottom through a pipe. In 1912, at Gratwein, 
1000 horse-power was used for this process. 

In 1906 the same principle was carried to its limit by Finlay, 
who adopted the principle for both the anion and the cation. 
He divided a cell by two diaphragms into three compartments ; 
into the middle or second of these he fed brine, which then passed 
in two opposite directions through the diaphragms, to the anode 
in the first compartment, and to the cathode in the third com- 
partment. When making a liquor containing 8 per cent, of 
caustic soda, the current efficiency is said to be as high as 98 
to 99 per cent., but no particulars of the use of the cell are 
available. 

Other types of cell, e.g, the Nelson and the Moore cells, have 
been largely used in America. 

In 1912, a total of 70,000 horse power was expended on alkali 
chloride electrolytic processes.^ 

The following table summarises the main features of com- 
mercial cells which have been published : 


Gnes- 
Gastner. lieim. 

Hargreaves - 
Bird. 

Towns- 

end. 

Ausslg. Billifccr, 

Normality NaOlI obtained 7 6 1 to 2 

15% Na.,C 03 

3-75 5 

3-0 

3 5-4-6 

Cathodic current efficiency 90 82 

92 

95 

00 

95 

I’ermmal voltage 4 3 3 6 

4*2 

45 

40 

35 

K.W.H. perkg NaOH .. 3 2 2 9 

— 

32 

30 

25 


Commercial Forms of Alkali. 

i6o Soda Crystals , — For household use, there is a consider- 
able demand for the soda in the crystalline form containing 10 
molecules of water. This is prepared by the direct Leblanc 
method (p. 312), or by dissolving calcined soda-ash in hot water, 
allowing the impurities to settle, and then running the clear 
liquor into crystallising tanks (p. 313). 

Crystal Carbonate , — The monohydrated carbonate, Na 2 C 03 ,H 20 , 

^ Foerster, Elektrochemie ; Allmand, Applied Electrochemistry ; Ullman, 
Enzyklopddie der techmschen Chemxe, Vol. 3 ; details of apparatus and patents 
in the several volumes of Monographten Uber angewandte Elektrochemie, Vol. 41. 
The electrolytic decomposition of alkali chlorides with solid metal cathodes, 
by Billiter (1912); Vol. 23: — ^The same with liquid metallic cathodes, by 
Lucion (1906); Vols. 24, 29, 32 and 33; — ^The electro-chemical patents of 
Germany (1906), of England (1908), and of America (1910), by Ferchand; 
Vol. 12: — ^The electro-chemical industries of Germany, by Ferchand (1904); 
and Vol. 28 ; — ^Tho electro-chemical and electro-metallurgical industries of 
Great Britain by Kershaw (1907). 
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known as crystal carbonate/* has the advantage over soda 
crystals that it contains a larger percentage of alkali, and dissolves 
much more readily in water, and that with a slight evolution of 
heat. 

Sodium Bicarbonate^ NaHCOg, is used in medicine, and for 
preparing aerated waters, and for baking powders. It was 
formerly manufactured on a large scale by exposing soda crystals 
enclosed in large chambers to carbon dioxide generated by the 
action on limestone of the dilute and otherwise waste hydro- 
chloric acid obtained in the Leblanc soda process. The gas was 
slowly absorbed by the crystals, which lost their transparency, 
and then their water of crystallisation : 

Na2C03,10H20 + CO2 = 2NaHC03 + OHgO. 

The large quantity of water liberated dissolved and washed 
away the greater part of the impurities present in the soda 
crystals, and when the flow of liquor ceased the reaction was 
complete; the wet bicarbonate was dried at a very gentle heat. 

In 1882 Carey, Gaskell, and Hurter introduced a cheaper 
method of manufacture by treating crystal carbonate, 
Na2C03,Il20, with pure carbon dioxide in a revolving cylinder, 
and so obtaining a bicarbonate of greater purity, corresponding 
to the greater purity of the raw material. A still cheaper 
process is now used, the bicarbonate produced as first product 
in the ammonia-soda process being purified from the accom- 
panying ammonium chloride by recrystallisation from warm 
water (Mond, 1884), or by heating in an atmosphere of carbon 
dioxide to drive off the ammonia. Usually, the crude salt is 
boiled with water, the escaping ammonia being recovered, and 
the solution recarbonated. 

Sodium Sesquicarbonate , — This form of alkali was first 
manufactured in 1886 by Watts and Richards. The salt has 
the composition Na2C03,NaHC03,2H20, and is obtained by 
mixing the ingredients in aqueous solution and allowing them 
to crystallise above 35°. The salt is permanent in the air, 
is readily soluble in water, and finds application in wool washing. 

Caustic Soda , — The methods employed by the Leblanc Alkali 
Works for the manufacture of caustic soda have already been 
described. The ammonia-soda works also manufacture caustic 
soda, and the quality obtained is better; it tests 77 per cent, 
alkali (NagO). 

Another method of converting sodium carbonate into caustic 
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soda was introduced by Lowig in 1882. The carbonate mixed 
with ferric oxide is heated in a revolving furnace to bright redness, 
when carbon dioxide is evolved, and a compound of NagO and 
FcgOg is formed, called sodium ferrite; this is cooled, crushed, 
and decomposed by treatment with a small quantity of nearly 
boiling water, when the ferric oxide is regenerated ready for 
the next operation, and a very strong solution, viz., about 30 per 
cent, of caustic soda, is formed. 

The Castner electrolytic process produces a strong solution of 
caustic soda directly as already described, and by evaporation 
and fusion it yields at once caustic soda of the highest purity 
attainable. 

Caustic soda, besides being manufactured in the solid form of 
various grades of purity so as to test 60, 70, 74, 76, 78 per cent, 
alkali (NagO), is also made in the form of a strong solution of 
1-45 specific gravity, containing 41 per cent, of caustic soda. 

Caustic soda is used for making hard soap, for disintegrating 
vegetable materials to obtain the fibre for paper -making, for- 
bleaching cotton, for extracting creosote oils, purifying paraffin 
oils, manufacturing oxalic acid, alizarin, and sodium, and for 
many other purposes. 


POTASSIUM. K = 39 -io. At. No. 19 . 

161 The discovery of this metal is described as follows by 
Davy.^ “ A small piece of pure potash which had been exposed 
for a few seconds to the atmosphere, so as to give conducting 
power to the surface, was placed upon an insulated disc of 
platina, connected with the negative side of the battery of the 
power of 250 of 6 and 4, in a state of intense activity ; and a 
platina wire, communicating with the positive side, was brought 
in contact with the upper surface of the alkali. The whole 
apparatus was in the open atmosphere. 

‘‘ Under these circumstances a vivid action was soon observed 
to take place. The potash began to fuse at both its points of 
electrisation. There was a violent effervescence at the upper 
surface ; at the lower, or negative surface, there was no libera- 
tion of elastic fluid, but small globules having a high metallic 
lustre, and being precisely similar in visible characters to quick- 
silver, appeared, some of which burnt with explosion and bright 

^ PhiL Transit 1808, 98, 4. 
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flame, as soon as they were formed, and others remained, and 
were merely tarnished, and finally covered by a white film 
which formed on their surfaces. These globules numerous ex- 
periments soon showed to be the substance I was in search of, 
and a peculiar inflammable principle the basis of potash. I 
found that the platina was in no way connected with the result, 
except as the medium for exhibiting the electrical powers of 
decomposition, and a substance of the same kind was produced 
when pieces of copper, silver, gold, plumbago, or even charcoal 
were employed for completing the circuit. 

“ The phenomenon was independent of the presence of air, 
I found that it took place when the alkali was in the vacuum of 
an exhausted receiver.’’ 

To this metal Davy gave the name of potassium. Soon after 
Davy’s discovery, Gay-Lussac and Thenard^ showed that the 
metal might be obtained in greater quantity by decomposing 
potash by means of metallic iron at a white heat. For this 
purpose iron turnings or wire were heated to whiteness in a gun- 
barrel covered with clay, and melted potash was allowed to pass 
slowly over the ignited iron. The iron took up the oxygen of 
the hydroxide, whilst potassium and hydrogen were set fre(\ 
The potassium passed over in the state of vapour, and was con- 
densed in a copper vessel containing naphtha. A better method 
was suggested by Curadau,^ consisting in the decomposition 
of the potash by means of charcoal at a white heat. 

Davy’s discovery of the compound nature of the aUcalis 
attracted universal attention, and chemists throughout Europe 
were occupied with a repetition of his experiments and an 
examination of the remarkable properties of the singular metals 
which can thus be obtained. So singular indeed were these 
properties that many chemists denied to these substances the 
name of metal, and by some they were considered to be com- 
pounds of hydrogen, this view being apparently borne out by 
the evolution of hydrogen when these metals were thrown into 
water. But further examination of these substances proved 
them to be of a truly metallic nature. 

Sources of Potassium , — Potassium is found in nature, in a 
state of combination, widely distributed. It occurs as a con- 
stituent of many silicates, forming from 1*7 to 3*1 per cent, of 
the granite composing the earth’s solid crust. Amongst the 
silicates which contain potash as an essential constituent may 

1 Ann, Chtm., 1808, 65, 326. » Ibid., 1808, 66, 97. 
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be mentioned potash felspar or orthoclase, leucite, and analcite. 
Pure chloride of potassium or sylvine, KCl, is found in consider- 
able deposits, together with carnallite, KCljMgClgjGHgO, in 
the neighbourhood of Stassf urt in Germany ; it is found also in 
considerable quantities in Searles Lake, California. This same 
salt and other potash compounds occur in small quantity in the 
water of the ocean, and in that of many lakes such as the Dead 
Sea, as well as in mineral waters and in ordinary spring water. 
Chloride of potassium is found also in cubic crystals surrounding 
the fumeroles of Vesuvius. All fruitful soil contains potassium 
compounds, derived from the gradual disintegration of the 
above-mentioned silicates. These are taken up by the rootlets 
of the plant, as no vegetable growth can flourish without this 
substance. It has been shown by Way that soil possesses the 
power of absorbing potash salts, whilst soda salts pass through 
it unabsorbed. The form in which the potash is contained in 
most soils is that of a salt of an organic acid, and this becomes 
converted into carbonate by ignition. 

The potash which sheep draw from the land is excreted in 
large quantities from the skin in the sweat, termed by the French 
suint. No less than one-third of the weight of raw merino wool 
consists of this material. 

During the war of 1914-1918, when Continental supplies of 
potash were cut off from this country, considerable quantities of 
potash were recovered from the waste gases of Portland cement 
kilns and of iron blast furnaces. In the latter case, it was found 
that additions of common salt to the furnace charges displaced 
the potash present, which was recovered in the flue dust and 
from the gases. 

162 Preparation of Metallic Potassium , — The method first pro- 
posed by Curadau, and brought into a practical form by Brunner, 
was much improved by Wohler, and especially by Donny and 
Mareska.^ This process depends upon the fact that at a white 
heat carbon reduces potassium carbonate, as follows : 

K 2 C 03 + 2 C = 2K+3C0. 

An intimate mixture of charcoal and potassium carbonate is 
obtained by igniting crude tartar (acid potassium tartrate) in a 
covered iron crucible; the porous mass is rapidly cooled by 
dipping the crucible into cold water, and the charred mass 
introduced into an iron bottle. It has been usual to place the 

^ Ann, Chim, Phys,, 1862, [3], 35> 147. 
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mixture in a wrought-iron mercury bottle, connected with a 
copper receiver by a short iron tube. 

In the preparation of the metal potassium, according to 
Brunner’s original method, serious explosions sometimes occurred, 
owing to the fact that at a very high temperature the metallic 
potassium unites with the carbon monoxide generated at the 
same time to form a black compound, K^CgOg, which is exces- 
sively explosive. The formation of this compound may be pre- 
vented and danger of explosion avoided if the potassium vapour 
is rapidly cooled by using a form of condenser, first suggested 
by Mareska and Donny. It consists (Fig. 105) of two pieces 


of cast iron, d s, which can be clamped together so as to form 
a shallow box about a quarter of an inch deep, ten to twelve 
inches long, and four to five inches in width. The socket at 
the one end fits on to the short tube placed in the neck of the 
bottle, or at the closed end of the retort, whilst the open end 
permits a free passage to the gases or vapours given off in the 
reaction. It is necessary to prevent the oxidation of the iron of 
the retort by covering it with a coating of fire-clay. As soon as 
a white heat is reached the vapour of the metal begins to 
appear at the open end of the tube. The receiver is then adjusted 
to the end of the tube as shown in Fig. 106, and the metal begins 
to condense and drops out in the liquid state into a vessel filled 
with rock-oil placed beneath the receiver, which does not require 


Fig. 105. 


Fio. 106. 
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to be artificially cooled. Should any deposit or obstruction 
occur in the tube, this must at once be removed by a red-hot 
rod thrust into it. It is found in practice that about half the 
theoretical quantity of metal is obtained. 

A process has been described in which caustic potash and 
metallic sodium, in exactly equivalent proportions, are heated 
together at 670®, air being excluded. Hydrogen is formed and 
potassium volatilises, and may be condensed.^ 

Potassium can be prepared on the small scale by the electro- 
lysis of potassium cyanide. This salt is melted and then allowed 
to cool, so that a solid crust is formed ; a current from three or 
four accumulators is then allowed to pass through the molten 
salt using electrodes made of gas carbon.^ 

A better method of obtaining potassium on the small scale by 
electrolysis is that proposed by Matthiessen.® For this purpose 
a mixture of potassium chloride and calcium chloride in mole- 
cular proportions, vrhich melts at a much lower temperature 
than potassium chloride alone, is fused in a small porcelain 
crucible over a lamp, two carbon poles connected with six to 
eight Bunsen’s elements being dipped into the fused salt. The 
flame of the lamp is then so adjusted that the portion of salt 
around the negative pole becomes solid, whilst around the 
positive pole the mixture is liquid, thus allowing the free escape 
of the chlorine. After the current has passed through for about 
twenty minutes in this way the crucible is allowed to cool, and 
opened under rock-oil, when a considerable quantity of pure 
potassium is found around the negative pole, no calcium being 
deposited. 

A modification of the Castner process for the manufacture of 
sodium (p. 255) can be employed. On electrolysing fused potass- 
ium hydroxide the metal spreads throughout the electrolyte 
as a mist and becomes oxidised at the anode. If, however, 
the cathode is protected by a closed inverted cylinder of mag- 
nesite, the metal can be readily collected and when prepared 
by this method is particularly pure.^ There is at present 
no great demand for metallic potassium; the cheaper sodium 
is equally applicable for almost all purposes, and, moreover, 
23 parts of sodium are equivalent to 39 parts of potassium. 

^ Wickel and I^ebel, D.R.-P., 307176. 

2 Linnemann, J, 'pr, Chem., 1858, 73, 413. 

® Journ, Chem, Soc., 1856, 30. 

* Lorenz and Clark, Zeit. Elektrochem,, 1003, 9, 269. 
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Chemically pure potassium is obtained by distilling pure 
potassium chloride with metallic calcium in a vacuum.^ 

163 Properties, — Potassium is a silvery- white, lustrous metal 
with a bluish tinge, having a density of 0*859 at 0°,^ and it is 
therefore lighter than all other metals, with the single exception 
of lithium. It is brittle at 0 ° and possesses a crystalline fracture ; 
at 15° it becomes soft like w^ax, and may be easily cut with a knife, 
and the two clean surfaces of the metal may be welded together 
like red-hot iron. It melts at 62*04°,-^ forming a liquid closely 
resembling mercury in its appearance. Potassium may be easily 
obtained in the crystalline form. For this purpose some of the 
metal is melted in a glass tube filled with coal-gas : as soon as the 
mass begins to solidify the tube is quickly turned round and the 
portion of metal still remaining liquid is poured off from the 
crystals; these form tetragonal octahedra having a greenish- 
blue colour.^ Ordinary potassium is a metastable mixture 
of two modifications having a transition temperature at 59*6°.^ 
It has been obtained in the form of a bluish-violet colloidal 
solution in ether by the electrical method (p. 82) ® 

Potassium boils at 757*5°,® 762*2° and emits a beautiful green- 
coloured vapour exhibiting a characteristic channelled-space 
absorption spectrum (Roscoe and Schuster). The ratio of the 
specific heats of the vapour at constant pressure and constant 
volume is 1*64 at 700-1000° : hence the vapour is monatomic.® 
Tlie green colour of potassium vapour can be readily shown by 
evaporating a small portion of the metal contained in a wide 
glass tube 30 cm. in length through which a current of dry 
hydrogen gas is passed. On heating the metal, the tube becomes 
filled with splendid green -coloured vapour, condensing on the 
cooler parts of the tube in the form of a bright metallic mirror. 
When the hydrogen which issues from the end of the tube is 
lighted, tlie flame is tinged with the violet colour characteristic 
of potassium. Next to caesium and rubidium, potassium is 
tlie most electro-positive metal, and it is a good conductor of 

1 Hackspill, Ann, Chim, Phys., 1913, [8], 28, 613. 

2 Bemini and Cantoni, Nuovo Ctm , 1914, [6], 8, n, 241. 

^ Long, Jouin, Chem, 80 c,, 1861, 13, 122. 

^ (Pollen and Wolff, Proc. K, Ak^, Wetensch, Amsterdam, 1915, 17, 926. 
Svedberg, Per., 1905, 38, 3616. 

** Huff and Johannsen, Ber., 1905, 38, 3601 ; compare Perinan, Journ, Chem. 
Soc., 1889, 55, 326. 

’ Heycock and Lamplough, Proc, Chem, 8 oc,, 1912, 28, 3. 

8 Robitzscli, Ann, Phystk, 1912, [4], 38, 1027. 
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electricity. In perfectly dry and pure air it does not undergo 
any change, but in ordinary air the clean surface of the metal 
soon becomes converted into caustic potash and potassium 
carbonate. The oxidation of a newly-cut surface of potassium 
in the dark is attended with luminosity (Baumhauer). Oxidation 
takes place so quickly when the metal is exposed to the air in 
thin layers that sometimes ignition occurs and the metal burns 
with its characteristic violet flame. When heated in the air 
to its point of volatilisation, it at once bursts into flame, but if 
the burning metal is plunged into perfectly dry air or oxygen 
the flame is immediately extinguished. 

When thrown upon water, potassium decomposes the water 
with great vigour, sufficient heat being generated to ignite the 
evolved hydrogen which burns with the violet potassium flame. 
The molten globule swims about, being separated by a layer of 
steam from the surface of the water, and becomes gradually 
smaller, leaving at last a globule of fused potash, which causes 
an explosive burst as soon as its temperature sinks low 
enough to allow it to come actually in contact with the water. 

Potassium acts as a powerful reducing agent, and hence it 
has been employed for the preparation of such substances as 
boron and silicon from their oxides, and magnesium, aluminium, 
and other metals from their chlorides. Potassium also decom- 
poses nearly all gases which contain oxygen, and hence it is 
used in some cases to ascertain the composition of gases. 

Sodium forms with potassium an alloy which is liquid at the 
ordinary temperature, and looks like mercury. The eutectic 
point lies at —12*6° and 66*6 atomic percentage of potassium. 
One compound only is formed, NagK, which decomposes at + 6*9° 
into sodium and liquid, and is only reformed therefrom after some 
days at 0°.^ The alloy is obtained, not only by melting the two 
metals together under rock-oil, but also by adding sodium to 
fused acetate of potassium, when gases are rapidly evolved and 
the alloy formed (Wanklyn). It is also formed when caustic 
potash is heated with sodium, and burns in the air, forming a 
mixture of the peroxides of sodium and potassium ; this is used 
under the name of “ pneumatogen for the regeneration of 
expired air in life-saving apparatus.® 

The electrical conductivity of potassium is little greater than 

* Van Blciswyk, Zett. anorg. Chtm.y 1912, 74, 162. 

* For other alloys of potassium, consult Smith, ZtiU anwg, Ckem., 1907, 56, 
109. 
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half that of sodium and exhibits a similar sharp increase at the 
melting point : the conductivity of the liquid alloy of both 
metals is less than one-fourth that of potassium itself.^ 


COMPOUNDS OF POTASSIUM. 

Potassium and Oxygen. 

164 Potassium forms two well-defined oxides only, namely, 

potassium monoxide, K2O, and potassium peroxide, K2O4. The 
first of these corresponds to the stable monovalent potassium 
salts, and combines with water to form the hydroxide. The 
higher oxide does not yield corresponding salts, but behaves as 
a peroxide. In addition to these, oxides of the formulae K4O, 
KgOg, K4O3, and K2O2 have been described, but their 

existence is doubtful. 

Potassium Monoxide^ K2O. — ^When the mixture of oxides 
obtained by burning potassium in slightly moist air is strongly 
heated, it loses oxygen and leaves a residue of the monoxide, 
which may also be prepared by heating caustic potash with 
potassium : 

2KOH + 2K = 2K2O -f H2. 

It is usually prepared by melting potassium and, without 
further application of heat, leading the requisite volume of pure 
and almost dry air over it.^ According to Holt and Sims,® 
the product always contains metallic potassium, but it has 
been prepared pure by Rengade by distilling of! the metal in 
a vacuum.^ 

The pure oxide is white at ordinary temperatures, but clear 
yellow at 200°. It decomposes at 400° into the dioxide and 
metal. It reacts violently with water to form the hydroxide. 

165 Potassium Hydroxide, or Caustic Potash, KOH. — This 
compound, generally known by its old name of caustic potash, 
was considered to be an oxide of potassium, but Darcet,® in the 
beginning of 1808, showed that ignited caustic alkali contains 
some other ingredient in addition to oxygen and the metal. He 
believed that this ingredient was in all probability water, inas- 
much as the calculated quantity of alkali contained in the car- 
bonate neutralised more acid than the same quantity of the ignited 

^ Northrup, Trans, Amcr, Elecirochem. Soc,, 1911, 20, 185. 

‘ Kuhnemonn, Chem, Centr., 1863, 491. ’ Joum, Chem, Soc., 1894, 65, 438. 

^ Compt, rend,, 1907, 144 , 753. * Ann, Chim,, 1808, 68 , 175. 
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caustic alkali. From this time forward caustic potash was con- 
sidered to be a compound of potassium oxide and water, and it 
was not until a much later period that it was recognised to be 
a hydroxide, or a compound which is derived from water by the 
replacement of a portion of the hydrogen by a metal. 

In order to obtain caustic potash, the metal may be allowed 
to act on water, but it is generally prepared by decomposing a 
dilute solution of potassium carbonate with slaked lime. For this 
purpose one part by weight of potassium carbonate is dissolved 
in twelve parts of water, the solution placed in an iron or silver 
vessel provided with a lid, heated to the boiling point, and then 
milk of lime gradually added imtil a portion of the filtered liquid 
evolves no carbon dioxide when treated with an acid. The 
solution is allowed to settle, and the clear liquid drawn off into a 
well-stoppered vessel. This is then evaporated in a silver basin 
until the hydroxide begins to volatilise. In order to ensure the 
complete separation of the carbonic acid from the potash, not 
less water than that mentioned must be used, and the water 
which evaporates from time to time must be renewed, for when 
only four parts of water are present to one part of potassium 
carbonate no decomposition takes place. A concentrated 
solution of caustic potash is found to decompose carbonate 
of calcium (Liebig ^). A certain amount of the caustic i)otash 
of commerce is prepared in this way. It is usually cast in the 
form of sticks which contain more or less w^ater as well as all 
the impurities of the original potassium carbonate, especially 
alumina, potassium chloride, potassium sulphate, and potassium 
silicate. It may be purified by dissolving in alcohol in the 
manner already described for caustic soda (p. 260). 

A large amount of caustic potash is now made in Germany 
by the electrolysis of solutions of potassium chloride, the jiro- 
cess being similar to that employed for the production of caustic 
soda from salt (p. 325). 

Pure caustic potash may also be obtained by adding powdered 
potassium sulphate to a hot concentrated solution of barium 
Ijydroxide (baryta water) until a small quantity of sulphate of 
potassium remains in excess ; this is then removed by a careful 
addition of baryta water. The clear solution poured off from 
the barium sulphate is evaporated in a silver basin, any baryta 
which remains in solution being deposited as carbonate by 
combination with the carbonic acid of the air.® 

^ See also BodUnder and Lucas, Zeit, angew, Chem,, 1905, 18> 1137. 

* Schubert, J» pr. Chem.t 1842, 86, 117. 
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Attempts have been made to manufacture potash from the 
sulphate by the action of lime, but hitherto without success.^ 
Wohler’s process for obtaining pure caustic potash is to decom- 
pose pure potassium nitrate by metallic copper at a red heat.^ 
Properties . — Pure caustic potash is a hard, white, brittle 
substance, often exhibiting a fibrous structure, melting below 
a red heat to a clear oily liquid, and volatilising in the form of 
white vapours when more strongly ignited. The vapour of this 
substance decomposes, at a white heat, into potassium, hydrogen, 
and oxygen, and this decomposition explains, according to 
Deville, the formation of potassium by Gay-Lussac’s method. 

Caustic potash rapidly absorbs carbonic acid and moisture from 
tlie air, and dissolves in water with evolution of heat. According 
to Ferchland, one part of water dissolves 1*07 parts of caustic 
potash at 15"^.® When the concentrated aqueous solution 
is cooled, the hydrate, K 0 n, 2 H 20 , crystallises in transparent, 
colourless, acute rhombohedra which melt at 35*5®. Crystalline 
hydrates, 2K0H,9H20 and 2K0H,5H20, have also been de- 
scribed,^ and Pickering ^ has obtained evidence of the existence 
of K0II,IT20, melting at 143°, and of K0H,4H20, melting at 
— 32*7°. According to a German Patent, when solutions contain- 
ing over 85 per cent, of hydroxide are cooled, anhydrous KOH 
crystallises out.® 

The aqueous solution of caustic potash, sometimes known as 
potash lyCf possesses an acrid taste and a peculiar nauseous odour : 
it acts as a powerful cautery, quickly destroying both animal and 
vegetable substances. For this reason its solution cannot be 
filtered except through glass or sand, and it is best clarified by 
subsidence. The following table gives the specific gravity at 
15°/4° of solutions of potash of varying strength according to 
the experiments of Pickering.'^ 


Per cent of 

»S|>ecifio 

Per cent 

of Specific 

KOH. 

gravity. 

KOH. 

Riavity. 

1 . 

. . 1-0083 

30 

. . 1-2905 

5 . 

. . 1-0452 

35 

. . 1-3440 

10 . 

. . 1-0918 

40 

. . 1-3991 

J5 . 

. 1-1396 

45 

. . 1-4558 

20 . 

. . 1-1884 

50 

. . . 1-51-13. 

25 . 

. . 1-2387 



Harold, Zcit. Klcktrochem,, 1905, 11, 417. 


Annalen, 1853, 87, 373. 

® ZeU. anorg 

Chem., 1902, 30, 130. 

Gottig, Ber .9 

1887. 20, 1094. 

‘ Joum. Chem. Soc., 1893, 63, 898. 

D.R.P., 189835 (1906). 

’ Phtl. Mag., 1894 [6], 37, 359. 
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The solution saturated at 15° has the sp, gr. 1-5355 and the 
concentration of 51-7 per cent. Caustic potash also readily 
dissolves in alcohol. 

The liquor 'potasses of the Pharmacopoeia contains about 6 per 
cent, of the hydroxide KOH, and has a specific gravity of 1-058. 
Caustic potash is largely used in the form of a lye for absorbing 
carbon dioxide in both organic and inorganic analysis. It absorbs 
moisture very rapidly from the air, and may therefore be 
employed for drying certain gases and liquids, especially organic 
substances which do not dissolve it and are not acted upon by 
it. The chief commercial use, however, of caustic potash is for 
the manufacture of soft soap. The soap-maker formerly pre- 
pared his lye by lixiviation of w'ood-ashes, the solution thus 
obtained being causticised by boiling with milk of lime. At the 
present day the commercial carbonate is employed for tliis 
purpose, or caustic potash is bought ready for use. 

Potassium Peroxide^ K 2 O 4 . — This oxide was discovered by 
Gay-Lussac and Thenard. It is best obtained by heating 
potassiimi in excess of slightly moist air or oxygen. The metal 
takes fire at a temperature of from 60° to 80°, and when the 
surface is kept clean, burns to peroxide. In order to obtain the 
oxide in the pure state, clean potassium must be moderately 
heated, first in a current of dry air, and then in dry oxygen. If 
the metal is at once exposed to oxygen, great heat is evolved 
and the glass is attacked. According to Vernon Harcourt,^ it is 
best to bring clean dry potassium into a flask containing dry 
nitrogen, in which it is melted. The nitrogen gas is then gradu- 
ally displaced by air; the grey film which covers the molten 
metal is seen to change to a deep blue ; then a point is reached at 
which the rapid absorption of oxygen begins. Gradually, as 
the oxidation proceeds, the metallic coating of the inner surface 
of the bulb changes to a dead white; this, however, after a while 
assumes a yellow colour, due to the formation of the tetroxide. 
By the action of ozone on dry caustic potash an orange-yellow 
substance is formed, which is possibly identical with potassium 
peroxide.^ 

Potassium tetroxide is a dark chrome-yellow coloured powder, 
which fuses at a higher temperature than caustic potash, forming 
a black liquid, which, when the temperature falls, solidifies in 
lustrous tabular crystals; at a white heat, or when kept at a 

^ Joum, Chem. Soc., 1862, 14, 267. 

® Baeycr and Villiger, Ber., 1902, 35, 3038. 
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red heat for some time, it is decomposed into potassium monoxide 
and oxygen. When exposed to moist air it loses oxygen, forming 
possibly potassium dioxide : ^ 

Thrown on to water it dissolves with considerable evolution of 
heat, forming caustic potash, hydrogen peroxide, and free 
oxygen. Carbon monoxide acts upon the peroxide at a tem- 
perature somewhat below 100 ° with the formation of potassium 
carbonate, a volume of oxygen equal to that of the carbon mon- 
oxide employed being liberated thus : 

KA+CO^K^COa + O2. 

The heated oxide is also decomposed by carbon dioxide with 
liberation of oxygen, and by hydrogen.^ 

Phosphorus and sulphur act violently upon the peroxide with 
formation of potassium phosphate and sulphate. When metals 
such as potassiimi, arsenic, antimony, and zinc are heated with 
this compound, they are oxidised with evolution of light and 
heat, whilst several metals such as bismuth, lead, iron, and 
silver undergo oxidation without the phenomenon of incan- 
descence. 


Potassium and Hydrogen. 

166 Potassium Hydride, KH. — Potassium, when heated to 
360° in hydrogen, yields the hydride KH, which crystallises in 
slender, white needles, and closely resembles the sodium com- 
pound (p. 264) in its properties.^ It ignites spontaneously in 
fluorine, chlorine, or oxygen. When treated with moist carbon 
dioxide at the ordinary temperature, it is converted into potassium 
formate : ^ 

KH + COg^KHCOg. 

The absorption of hydrogen by potassium was previously 
observed by Gay-Lussac and Thenard, and by Troost and 
Hautefeuille,^ who, however, did not obtain the crystalline 
hydride. 

^ Holt and Sims, Journ. Chem, Soc,, 1894, 65» 437. 

* Ber,, 1897, 30, 2615. 

* Moissan, Compt, reiid., 1902, 134, 18. Ibid., 1902, 134, 261. 

» Ann. Chim. Phys., 1874 [6], 2, 273. 
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Potassium and the Halogens. 

167 Potassium Fluoride, KF. — This is formed when aqueous 
hydrofluoric acid is neutralised in a platinum vessel with caustic 
potash or potassium carbonate, and the solution evaporated 
down. This salt crystallises from solutions above 40® in anhy- 
drous cubes, below that temperature in prisms of the hydrate, 
KF,2H20. The saturated solution of this hydrate at 18® con- 
tains 48 per cent, of the anhydrous salt.^ It is very deliquescent, 
has a sharp saline taste, and melts at 885°.^ When it is dissolved 
in aqueous hydrofluoric acid it forms an acid fluoride, KF,HF, 
crystallising in tetragonal tablets. These melt when heated, 
and at a dark red heat decompose into potassium fluoride and 
hydrofluoric acid, this decomposition being employed for the 
preparation of anhydrous hydrofluoric acid. Crystalline com- 
pounds, KF,2HF and KF,3HF, have also been obtained by 
Moissan.® Potassium fluoride forms a large number of double 
salts. 

Potassium Chloride, KCl, is a substance closely resembling 
rock-salt. Indeed in earlier times no distinction was drawn 
between these two compounds, but it was later known as sal 
digest i rum Sylvii or digestive salt. It occurs in sea- water as 
well as in that of many mineral springs, and forms the chief 
portion of the Stassfurt potash-salt. This salt exists in a bed 
20 to 30 metres in thickness, lying above the deposit of rock-salt, 
and consisting chiefly of polyhalite, 2CaS04,MgS04,K2S04,2H20 ; 
carnallite, KCl,MgCl2,6H20 ; and kieserite, MgS04,U20, inter- 
spersed with layers or veins of tachydrite, CaCl2,2MgCl2,12H20; 
boracite, 2Mg3BgOi5,MgCl2 ; kainite, K2S04,MgS04,MgCl2,GJl20, 
and sylvine, KCl. These last two appear to be formed by 
the action of -water upon the preceding compounds. In these 
minerals a small quantity of the potassium chloride is replaced 
by potassium bromide, and crystals of anhydrite, CaS04, are 
found in the kieserite beds. The minerals composing this bed 
are all of them very deliquescent, and their position leads to the 
inference that the saline deposits at Stassfurt have been formed 
by the gradual evaporation of an inland sea- or salt-water lake. 
This is rendered more probable by the fact that in the manu- 
facture of sea-salt in the so-called salterns on the Mediterranean 

» Mylius and Funk, Her., 1897, 30, 1716. 

2 Kutf and Plato, Btr., 1903, 36, 2357. 

2 Compt. rend., 1888, 106, 647. 
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coasts similar salts are deposited from the mother-liquors. A 
very elaborate investigation into the conditions of formation 
of these minerals has been made by van’t Hoff.^ In addition to 
the deposits at Stassfurt, similar beds have been found at Kulusz, 
in the East Carpathians. These potash salts do not occur in 
the majority of saliferous beds, and this is probably due to the fact 
that the upper saline strata have in most cases been washed away, 
whereas in the Stassfurt deposit they have been protected by a 
water-tight stratum of clay.^ The mode of manufacture of 
potassium chloride from these potash salts is almost identical 
with that proposed by Balard ® and Merle ^ for the preparation 
of the chloride from sea-water, and by Hermann ^ for preparing 
it from certain mineral springs. 

The method depends on the fact that carnallite is easily 
soluble in a hot solution of magnesium chloride, whereas sodium 
chloride and magnesium sulphate are only slightly soluble in this 
liquid, and that when the hot liquor is allowed to cool the double 
salt does not separate out, but the more soluble magnesium 
chloride remains in solution whilst a part of the chloride of 
potassium crystallises out. The crude carnallite is crushed 
and treated with a mixture of the mother-liquors resulting from 
later processes of the manufacture, and steam is passed in. 
After separation of the suspended insoluble matter and the 
sodium chloride and kieserite, the liquor is run into crystallising 
vessels and allowed to cool gradually, a large proportion of crude 
potassium chloride separating out. The mother-liquor is then 
concentrated, and on cooling yields a further deposit of the 
crude chloride. The crude potassium chloride is purified by 
washing first with washing liquor from a former operation, and 
finally with water, the impurities removed being sodium chloride 
and magnesium chloride and sulphate. The quantity of potass- 
ium chloride in the various commercial products is from 75 to 
98 per cent.® 

In the salines on the west and soxith coasts of France the 
mother-liquors remaining after the common salt has been 
deposited, having a specific gravity of 1*22, are preserved in 
reservoirs during the summer, when a mixture of magnesium 

^ Zur Bddmig der ozeaniachcn Salzablfujetungen (Braunschweig, 1905). 

2 For a full account of these deposits, see Thorpe’s Diet, of Appl. Chan. 

® Jahresh. Chan. 'TecJmol., 1866, 296. 

^ Bull. Soc. Chnn., 1868, [2], 10, 63. 

» J. pr. Chem., 1863, 60, 284. 

® iSeo Ber. tlber EntwicM Chan. Industrie, 1, 351. 
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sulphate and common salt {sel mixte) separates out. The mother- 
liquor from this is evaporated in flat pans and thus converted 
into camallite, which is worked up as described. 

Potassium chloride crystallises, like sodium chloride, in cubes. 
It has a cooling saline taste and a specific gravity of 1-995 : it 
melts at 790® (Ruff and Plato), and readily volatilises at a bright 
red heat. One hundred parts of water dissolve 28 parts of 
potassium chloride at 0®, 32-7 parts at 15®, and 56-5 parts at 100®. 

When potassium chloride is melted in a current of hydrogen 
gas, or when the fused salt is subjected to electrolysis, a dark 
blue mass is formed. 

Potassium chloride is used for the preparation of other potass- 
ium compounds such as the chlorate, the carbonate, the chromate, 
the hydroxide, the nitrate, and potash alum, but by far the 
greatest quantity is used for the preparation of artificial manures, 
for which purpose the crude salt is employed. 

Potassium Bromide^ KBr. — When bromine is dissolved in 
caustic potash a mixture of bromide and bromate of potassium 
is formed. If this mixture be evaporated and gently ignited, 
the bromate is decomposed, and pure potassium bromide is left, 
The usual method of preparing the salt on the large scale is by 
the action of bromine and water on iron filings ; the iron bromide 
formed is then decomposed by potassium carbonate. 

Potassium bromide crystallises in cubes possessing a sharp 
saline taste, melts at 750®, and volatilises at a high temperature; 
100 parts of water at 15® dissolve 62 parts of the salt. It serves 
as a valuable medicine, especially in cases of nervous diseases. It 
unites with bromine,^ forming a very unstable tribromide, KBr 3 . 

Potassium Iodide, KI. — This salt is prepared in a similar 
way to the bromide. It crystallises, like the two former salts, 
in cubes, which possess a sharp taste. Potassium iodide melts 
at 685® (Meyer, Riddle, and Lamb), 705® (Ruff and Plato), and 
can be easily vaporised at a higher temperature, the vapour 
having a normal density. One hundred parts of water dissolve at 
0®. 127-9, and at 118-4®, the boiling point of the saturated solution, 
222-6 parts of the salt, whilst at intermediate temperatures the 
solubility increases proportionally to the rise of temperature 
(Mulder). Potassium iodide is sparingly soluble in absolute 
alcohol, and is soluble also in acetone and glycerol. The com- 
mercial iodide of potassium generally possesses an alkaline 

^ See Worley, Joum. Chem, Soc., 1905, 87, 1107; Jakowkin, ZeiL phyatkal, 
Chem., 1896, 80, 719. 
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reaction; in order to obtain it perfectly neutral it must be 
dissolved in the smallest quantity of water, neutralised with 
dilute sulphuric acid, the potassium sulphate precipitated by the 
addition of pure alcohol, and the solution allowed to crystallise 
(Groves). Potassium iodide is largely used in medicine both for 
internal and for external application, especially in scrofulous 
and syphilitic diseases. 

Potassium Tri-iodide, KI3. — This compound is formed by 
saturating a concentrated solution of potassium iodide with 
iodine. A brown liquid having a metallic lustre is obtained, 
and this on evaporation over sulphuric acid yields needle-shaped 
almost black crystals with a metallic lustre. They are very 
deliquescent and readily lose iodine on warming (Johnson).^ 

Experiments on the distribution of iodine between carbon 
disulphide and potassium iodide solution show that this salt is 
dissociated in solution into the ions K’ and I3', and is to be 
regarded as the salt of an acid, HI3, which belongs to the class 
of strong acids.2 There is, moreover, some evidence that the 
compound KI 9 exists in solution in nitrobenzene and other 
similar solvents.® According to Abegg, the only solid polyiodide 
of potassium which can exist at 25® is KT7, but this salt has not 
been isolated.^ 

Potassium lodotetrachloride, KICI 4 , was prepared by Filhol in 
1839, by the action of chlorine on a solution of potassium 
chloride containing iodine, in lustrous, golden-yellow crystals. 

168 Potassium Hypochlorite, KCIO. — When chlorine is passed 
into a dilute cold solution of caustic potash or potassium 
carbonate, a mixture of potassium chloride and potassium 
hypochlorite is obtained. This liquid was first prepared by 
Berthollet, and the solution, known by the name “ Eau de 
Jtivel,” was formerly largely used for bleaching purposes (see 
Vol. I., p. 316). It can also be prepared by electrolysis of 
potassium chloride solutions. Pure potassium hypochlorite has 
not yet been prepared. 

Potassium Chlorate, KCIO3. — ^It appears likely that this salt 
was known to Glauber. In one of his works he mentions that 
he is acquainted with a means of converting muriatic acid into 

1 Journ. Chem. Soc„ 1877, 249. 

* Jakowkin, ZeiL phyaiJcaL Chem,, 1896, 80, 19; Dawson, Journ. Chem. Soc., 
1901, 79, 238. 

* Dawson and Gawler, Journ. Chem. Soc., 1902, 81, 524; Dawson, ibid., 
1904, 85, 467. 

* Zeit. anorg. Chem., 1906, 60, 414. 
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nitric acid, and in his “ Continuatio Miraculi Mundi ” he 
mentions a peculiar kind of saltpetre which he had prepared by 
means of common salt. This was probably potassium chlorate. 
In like manner Winterl, in 1789, believed that he had converted 
muriatic acid into nitric acid by strongly heating muriate of 
lime (calcium chloride) in a retort with black oxide of manganese 
and leading the product into a receiver containing a small 
quantity of caustic potash. Higgins also stated in 1786 that 
by the action of dephlogisticated muriatic acid (chlorine) on 
the alkalis a peculiar kind of saltpetre is formed. Potassium 
chlorate was afterwards prepared by Berthollet in his classical 
investigation of the action of chlorine on the alkalis in 1786. 

This salt was formerly produced on the large scale by passing 
chlorine into a concentrated solution of caustic potash or 
potassium carbonate; being only slightly soluble in water it 
crystallises out when the solution is cooled. The product of 
these and any similar reactions is a hypochlorite so long as the 
alkali remains in excess : 

2KOn + CI 2 = KOCl 4- KCl + HgO, 

but directly the alkali is exhausted and the chlorine is present 
in excess the hypochlorite is suddenly converted with evolution 
of a considerable amount of heat into chlorate : 

3K0C1 - KCIO 3 4- 2KC1. 

In order to use a less expensive potassium salt and also less 
of it, chlorine is passed into milk of lime until the chlorate is 
formed : 

6 Ca(OH )2 4- 6 CI 2 - Ca(C103)2 + 5CaCl2 4- 6 H 2 O ; 

the clear settled liquor is concentrated by evaporation and a 
quantity of potassium chloride exactly equivalent to the calcium 
chlorate present is added; on cooling potassium chlorate 
crystallises out. From 1870 this process has been carried out 
on a very large scale in Widnes and St. Helens. Large quantities, 
however, are now made electrolytically elsewhere. A description 
of this industry has been given by Jurisch.^ 

The lime process is now being largely supplemented by a 
modification of Berthollet’s original caustic potash method, in 
which the caustic potash and the chlorine are simultaneously 
formed by the electrolysis of a solution of potassium chloride 
‘ D\t Fahrikation von chlorsaurem Kali, 1888. 
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and immediately react upon each other; by repeating the 
operation upon the mother-liquors after cooling, the original 
solution is ultimately converted into potassium chlorate and 
hydrogen : 

KCl+SH^O^KClOg+SHg. 

The process was introduced in 1886 by Gall and Montlaur in 
Switzerland, and is now also in use in France, Germany, Austria, 
Sweden, and the United States, the necessary current being ob- 
tained in each case from water power. A description of the 
process has been published by Kershaw.^ The yearly output of 
potassium chlorate is probably over 20,000 tons, the main 
portion of which is prepared electrolytically. 

Potassium chlorate crystallises in large transparent monoclinic 
tablets having a glassy lustre; these when they are of certain 
dimensions, exhibit magnificent iridescent colours, and emit 
light when rubbed in the dark. The crystals of potassium chlorate 
have a feebly acid and cooling taste similar to that of nitre. 
They have the sp. gr. 2*35, melt without decomposition at 359° 
(Carnelley), and at 372° they begin to decompose with evolution 
of oxygen. The nature of the decomposition and the effect of 
the addition of certain oxides has already been discussed (Vol. L, 
p. 242). One hundred parts of w^ater dissolve at 0°, 3*3 parts, 
at 20°, 7*1 parts, and at 104*2°, the boiling point of the saturated 
solution, 61*5 parts of the salt (Gay-Lussac, Legrand). 

Potassium chlorate is largely used in the laboratory for the 
jjreparation of oxygen gas. It also acts as a powerful oxidising 
agent and is employed in the manufacture of lucifer matches 
and certain explosives, for pyrotechnic purposes, and in calico 
printing. In large doses it acts as an irritant poison, like nitre 
and other soluble potassium salts. It was formerly given in 
small doses in cases of scarlet fever, scurvy, and other diseases, 
as it was believed to act as an oxidising agent on the blood, 
but it has been shown that the whole of the salt passes out un- 
decomposed in the urine. It is still employed as a gargle for 
the purpose of allaying inflammation of the throat. 

The powerful oxidising properties of potassium chlorate can 
be readily exhibited. If a small quantity of the powdered salt be 
thrown on to glowing charcoal, a rapid combustion takes place. 
If a few grains of this salt, together with a few grains of flowers 
of sulphur, are rubbed together in a mortar, loud explosions 

^ Die elektrolytische Chloratinduatrkt 1905. 
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occur, and if a grain of the mixture be struck with a hammer 
a loud detonation takes place. Only very small quantities of 
the mixture must be used, as otherwise the explosions may 
become dangerous. Further, if a small quantity of red phos- 
phorus be carefully mixed by means of a feather with the same 
quantity of powdered potassium chlorate, the mixture will 
explode when struck even a slight blow with a glass rod. This 
may also be shown by allowing a few drops of a solution of 
phosphorus in carbon disulphide to fall on powdered potassium 
chlorate; after a few moments a violent explosion occurs. 

Potassium Perchlorate, KCIO4. — The preparation of this salt 
by heating potassium chlorate has already been described and 
explained in Vol. I., p. 358. It is also prepared by the 
electrolytic oxidation of potassium chlorate in neutral or acid 
solution,^ or more conveniently by submitting sodium chlorate 
to this treatment and then adding potassium chloride. It forms 
small rhombic crystals which possess a slightly saline taste and 
melt at about 610*^ ; 100 parts of water dissolve at 0°, 0-71 part, 
at 50°, 5-34 parts, and at 100°, 18-7 parts of salt (Muir) ; it is 
almost insoluble in strong alcohol, and is therefore used for the 
quantitative estimation of potassium. 

Potassium Bromate, KBrOg, is obtained, according to Stas, by 
passing chlorine into a warm solution of potassium bromide 
and caustic potash : 

KBr + 6KOH + 3CI2 = KBrOg + 6KC1 + SlI^O. 

A portion of the salt crystallises out on cooling, and the 
remainder is precipitated on addition of alcohol, together with 
a little potassium chloride, from which it is easily separated by 
recrystallisation. According to Marignac, it forms hexagonal 
(ditrigonal pyramidal) crystals and separates out in six-sided 
tablets or prisms which have the appearance of cubes. One 
hundred parts of water dissolve 6-9 parts of the salt at 20°, and'^ 
49*8 parts at 100°, It melts at 434°, and is converted by ignition 
into potassium bromide and oxygen, bromine being also evolved 
when it is heated slowly. 

Potassium lodate, KIO3, is formed together with the iodide 
by the action of iodine on caustic potash, but it is most readily 
obtained by heating potassium chlorate with iodine : 

2KC103+l2==2KI03+Cl2; 

^ FoerslH&r, ZziU Ehktrochem,, 1898, 4, 386. 
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the liberated chlorine combines with excess of iodine to form 
iodine mono- and tri-chloride.^ Potassium iodate crystallises in 
small cubical crystals, melts at 660®, and begins to decompose 
at a much higher temperature than the chlorate. One hundred 
parts of water dissolve 8*1 parts of the salt at 20®, and 32*3 parts 
at 100®. It combines with iodic acid to form the compounds 
KIOajHIOg and KI03,2HI03 (see Vol. I., p. 370). 

Potassium Periodate, KIO4, formed when chlorine is passed 
through a mixture of caustic potash and potassium iodate. It 
can also be obtained electrolytically by the anodic oxidation of 
potassium iodate. It separates out as shining crystals which 
are isomorphous with those of potassium perchlorate, and melt 
at 582®. When a hot concentrated solution of the salt is mixed 
with alcoholic potash, rhombohedra of jpotassimn meso-periodate, 
K3l05,4Il20, are deposited. These have an alkaline reaction, 
and absorb carbon dioxide from the air. When the normal salt 
is evaporated together with caustic potash, triclinic prisms of 
potassium di-periodate, K4l209,9H20, are deposited, which have 
an alkaline reaction (see also VqI. I., p. 371). 


POTASSIUM AND SULPHUR. 

169 Potassium Monosulphide, KgS. — This substance is formed, 
according to Berzelius, by passing hydrogen over heated 
potassium sulphate. It forms a pale red crystalline mass, which 
becomes darker on heating, and melts to a black liquid below a 
red heat. Berthier obtained the same compound as a flesh- 
coloured mass by strongly heating the sulphate with carbon : 

K2SO4 + 4 C = K2S + 4 CO. 

In order, however, to obtain this substance a larger amount of 
carbon is needed than that represented in the above equation; 
otherwise a mixture of higher sulphides with potassium carbon- 
ate is obtained (Wittstock). Indeed it appears impossible to 
obtain perfectly pure monosulphide in this way, as even 
the substance obtained by reduction with hydrogen contains 
higher sulphur compounds.^ The mass deliquesces in moist 
air, and dissolves in water with evolution of heat. 

If potash lye be saturated with sulphuretted hydrogen, and if 
then an equal quantity of alkali be added to the liquid, a solution 

1 Thorpe and Perry, Jovm, Chem, Soc,, 1892, 61 , 926. See also Schlotter, 
Zeit. anorg. Chem., 1905, 45 , 270. 

* Bauer, «/. 'pr. Chem,, 1858, 75 , 246. « 
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of the nionosulphidc is obtained. This remains colourless if 
the air be excluded, possesses an alkaline taste, and acts on the 
skin as a strong caustic. When evaporated in a vacuum at a 
low temperature, four-sided prisms arc deposited, having the 
formula K2S,5H20.^ Hydrates with 121120 and with 2H2O have 
also been obtained (Bloxam). If this acpieous solution is boiled, 
only traces of sulphuretted hydrogen are given off, and when 
exposed to the air it becomes yellow from absorption of oxygen 
and carbon dioxide, and formation of potassium thiosulphate 
and potassium carbonate; the sulphuretted hydrogen which is 
liberated decomposes with formation of water and sulphur, and 
the latter substance unites with the monosulphide to foim 
higher sulphides. On shaking the yellow solution with metallic 
copper it again becomes colourless. The main product of the 
action of air free from carbon dioxide on a solution of the 
monosulphide is sulphite, the licpiid remaining colourless. 

Potamum Hydtosulphde, KSII. — This substance was first 
prepared by Gay-Lussac by heating potassium m dry sulphur- 
etted hydrogen. lie then observed that the same quantity of 
potassium which was capable of evolving one volume of 
hydrogen from water was able to combine with all the sulphur 
in t^^o volumes of sulphuretted hydrogen, liberating half the 
hydrogen : 

2K + 2H2S-- IT2+ 2KSII. 

Beizelius obtained the same compound by the action of 
sul])huretted hydrogen on carbonate of potassium heated to 
dull redness, but the product of this reaction is by no means 
pure (Bloxam) : 

K2CO3 + 21128 - 2KSII + H2O + CO2. 

It can be obtained pure by passing suliihuretted hydrogen 
through anhydrous ether in which metallic potassium is placed.^ 
This body forms a white or yellowish deliquescent mass, which 
when heated to 450-510'^ melts to a liquid, and at a higher 
temperature becomes of a dark red colour. It is very soluble 
in water, and the aipieous solution is very easily obtained by 
saturating caustic potash solution with sulphuretted hydrogen. 
This forms a colourless liquid which smells slightly of sul- 
phuretted hydrogen, has an alkaline and bitter taste, decomposes 

^ Schone, Pogg. Ann , 1867, 131* 380. 

* Bloxam, Journ. Chem. Soc , 1900, 77# 768. 
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very slowly when boiled, and on exposure to air containing 
carbon dioxide becomes yellow owing to the formation of higher 
sulphides. When exposed for a still longer time to the action 
of the air it becomes colourless, inasmuch as potassium thio- 
sulphate is formed. If the concentrated solution is allowed to 
evaporate over caustic lime or caustic soda in a vacuum, 
colourless glittering rhombohedral crystals separate out, having 
the formula 2KSIt,Tl20. 

A number of polysulphides have been described, having the 
formula) K2S2, K2S3, K2S4, and KgS^, which are obtained by the 
action of sulphur, sulphuretted hydrogen, or carbon disulx^hide 
vapour on the monosulphide, or compounds which readily 
yield it. They are described as yellowish-red or dark red 
substances which dissolve readily in water. 

From measurements of the rate of loss of sulphur by KgS- 
when heated in a steady stream of hydrogen and from the 
freezing point curve for the system K2S-S,^ it appears that the 
sulphides of potassium form a complete series of the type KgS^., 
where x is any whole number from 1 to 6. The disulphide ^ 
K2S2, is the most stable, losing sulphur only at 700-800'^. 

Liver of Sulphur or Hepar Sulphuris, — This is an old name 
given to a mixture of potassium polysulphides with potassium 
sulphate, or potassium thiosulphate. It is obtained by gently 
heating sulphur with carbonate of potassium in a covered vessel. 
The composition of the liver-coloured mass thus obtained is 
variable, according to the proportions in which the bodies have 
been mixed and the temperature to which they have been heated. 
Liver of sulphur was well known to the alchemists of the middle 
ages. Stahl considered it to be a compound of the alkali with 
sulphur, and called it “ sulphurised alkali.” He also knew 
that it could be prepared by heating sulphate of potash with 
carbon, and used this fact to prove that only one kind of 
phlogiston exists (see Vol. I., p. 14). Liver of suljihur is used 
in medicine, and is termed in the Pharmacopoeia potassa suU 
phuraia. It is used also by gardeners to get rid of mildew and 
exterminate insect pests. 

170 Potassium Sulphite, KgSOg, is prepared by dissolving 100 
grams of caustic potash in 200 c.c. of water previously freed from 
dissolved air, and saturating with sulphur dioxide; a further 
quantity of 100 grams of caustic potash dissolved in a very 

^ Thomas and Rule, Jonrn. Chem. Soc., 1917, 111, 10G3; compare Bloxam, 
tbid., 1900, 77, 767. 

VOL. IT. (T.) a a 
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small volume of water is then added, and the solution allowed 
to evaporate in vacuo. Potassium sulphite separates in small 
deliquescent hexagonal crystals which are more soluble in 
cold than in hot water. The monohydrated salt, K2S03,H20, is 
obtained by dissolving the metabisulphite in water, adding an 
equivalent quantity of caustic potash, evaporating and allowing 
to crystallise. The dihydrated salt, K2S03,2H20, is obtained 
when the solution is allowed to evaporate over sulphuric acid, 
and forms oblique rhombic octahedra, which possess a bitter 
alkaline taste, and are also more soluble in cold than in hot 
water. The solutions readily undergo oxidation in the air. 

Two isomeric potassium sodium sulphites, Na*S02*()K and 
K'SOg’ONa, are also known. These have already been described 
in Vol. L, p. 408. 

Potassium Hydrogen Sulphite, KIISO3, is produced when a 
solution of the normal salt or of caustic potash is satuiated 
with sulphur dioxide. On addition of alcohol it separates out 
in needle-shaped crystals, which taste of sulphurous acid, and 
have a neutral reaction. 

Potassium Metabisulphite, K2S.2O5, is formed when sulphur 
dioxide is passed into a hot saturated solution of potassium car- 
bonate (Muspratt), or into a mixture of milk of lime and potass- 
ium sulphate (Boake and Roberts). It forms monoclinic crystals 
which are sparingly soluble in water and have an unpleasant acid 
taste. Potassium metabisulphite is employed in photography. 

171 Potassium Sulphate, K28O4. — The mode of preparing this 
salt was known- as early as the fourteenth century. It was first 
obtained from the residues of the manufacture of aqua fortis, 
and afterwards by the action of sulphuric acid on crude 
potashes. Potassium sulphate is probably one of the salts 
whose constituents were first determined by analysis. Glauber, 
Boyle, and Tachenius were acquainted with its composition, and 
in the seventeenth century it was termed arcanum or sal dupU- 
catnm, because, according to the then prevalent ideas, it was 
made up of an acid salt and an alkaline salt. The decomposi- 
tion of this salt into its constituent parts was at that time 
supposed to be a most difficult matter. Indeed, Stahl proposed 
the following question to the French Academy : How is it possible 
to decompose this salt instantly when held in the hand? 
Although none of the Academicians were able to answer this 
question, Stahl accomplished his purpose by adding nitrate 
of silver, which at once separated vitriolic acid from the alkali. 
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Potassium sulphate is found native in the lavas of Vesuvius. 
It is also obtained from the kainite, K2S04,MgS04,MgCl2,6H20, 
and schonite, K2S04,MgS04,6H20, of the Stassfurt beds and of 
those of Kulusz, and as a by-product in several chemical manu- 
factures, such as that of potassium dichromate, as well as in the 
lixiviation of kelp. It is now manufactured by the double decom- 
position of potassium chloride and magnesium sulphate in 
aqueous solution, and is also prepared to a small extent by the 
action of sulphuric acid on the chloride.^ 

Potassium sulphate crystallises in small, hard, rhombic pyra- 
mids, possessing a hexagonal or prismatic habit; it has a 
specific gravity of 2*6633 at 20°/4° (Tutton), and melts at 
1050°. One hundred parts of water at 15° dissolve 10*3 parts 
of this salt, whilst 24*1 parts dissolve in the same quantity of 
water at 100°. Aqueous alcohol dissolves it in quantities 
proportional to the amount of water which the alcohol 
contains. It is insoluble in a solution of caustic potash of 
specific gravity 1*35 (Liebig), and in absolute alcohol. It 
lias a bitter saline taste and can be volatilised only at a high 
temperature. 

Potassium sulphate is used as a purgative, and is employed in 
large quantities for the manufacture of potash alum and potass- 
ium carbonate. Potassium sulphate itself as well as the 
mineral kainite and the double salt, K2S04,2MgS04,H20, which 
is ])repared from it, are also very largely used as fertilisers. 

rotassiuM Hydrogen Sulphate, KHSO4. — In 1751, Rouelle 
proved that in addition to the arcanum duplicatum, other salts 
exist containing an excess of acid chemically combined. Amongst 
these he mentions acid potassium sulphate, which he obtained 
in the crystalline state. The same salt is found native in the 
(Jrotto del Sofo, near Naples, in the form of long silky needles. 
It is frequently obtained in the laboratory as a by-product in 
the prejiaration of nitric acid from saltpetre and sulphuric 
acid. It crystallises in rhombic pyramids, according to Marignac, 
in rhombohedra according to Jacquelain, has a specific gravity 
of 2*163, melts at 197°, dissolves readily in water, and possesses 
an acid saline taste. When brought into contact with alcohol 
it is decomposed into sulphuric acid and the normal salt, which 
is insoluble in this liquid. When the acid sulphate is recrystal- 
lised from aqueous solution the normal salt is found to separate 
out first, then crystals of a salt having the composition 
1 Prcoht, Zeit, angew. Chem., 1906, 19 , 1. 
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K2S04,KHS04 are deposited, and at last the acid sulphate 
crystallises out. Salts of the formulae K2S04,3K[1S04 and 
K2S04,6KHS04 have also been described.^ 

Potassium Disulphate, KgSgO^. — This salt is obtained by 
gently igniting the normal salt with sulphuric acid until the 
mass fuses quietly. It is also formed when the acid salt is 
heated with potassium chlorosulphonate, a compound obtained 
by the action of sulphur trioxide on potassium chloride : 



Cl 

OK 


+ so / 


OK 

OH 


SO2— OK 

= ^0 + HCI. 

SO2— OK 


The salt crystallises on cooling in long needles which decompose 
when brought into contact with water, evolving much heat and 
yielding the acid sulphate. When dissolved in fuming sul- 
phuric acid this salt deposits transparent prismatic crystals of 
potassium hydrogen disulphate, KIIS2O7. 

Potassium thiosulphate^ K2S2O3, is prepared in a similar 
manner to, and closely resembles the corresponding sodium salt. 
Two isomeric sodium potassium thiosulphates are also known 
(Vol. I., p. 458). 

Potassium Persulphate, K2S20g. — This salt is obtained by the 
electrolysis of a saturated solution of potassium hydrogen sul- 
phate, and forms large tabular crystals which are sparingly 
soluble in water. Details of its preparation and jiroperties have 
already been given in Vol. I., p. 455. 

Potassium Selenate, K2Se04, is isomorphous with potassium 
sulphate. It has the sp. gr. 3*0657 at 20'^/4°, deliquesces in the 
air, and dissolves to the extent of 115 parts in 100 parts of 
water at 12°.2 When a solution of this salt and selenic acid is 
electrolysed, a perselenate is formed,® which probably has the 
formula K2Se20g. 


Potassium and Nitrogen. 

172 Potassium Azoimide, N3K, can be prepared by neutralising 
hydrazoic acid with potassium hydroxide, or by the action of 
nitrous oxide on potassamide, 

2KNH2 + N2O - N3K + NH3 + NaOH, 

^ Stortenbeker, Rec. trav. chim., 1902, 21, 399, 

2 Tutton, Journ, Chem, Soc,, 1897, 71, 846. 

® Dennis and Brown, J. Amer* Chem. Soc., 1901, 23, 358. 
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Polassamide, NHgK. — This compound was discovered by Gay- 
Lussac and Th6nard in 1811. It is prepared by gently heating 
potassium in ammonia gas, and is usually obtained as an olive- 
green or brown mass, but when the potassium is heated in a 
silver boat, it forms a white waxy crystalline mass, which melts 
at 338® ^ and sublimes above 400®.^ It quickly decomposes 
in moist air, yielding caustic potash and ammonia, and when 
water is added the same decomposition takes place with rapid 
liberation of heat, and frequently also of light. When strongly 
heated, it slowly undergoes decomposition into its elements, but 
does not, according to Titherley, leave a residue of the black 
potassium nitride described by Davy, which probably does not 
exist. 

By the action of sodamide on potassamide ^ in liquid ammonia 
solution or of sodium iodide on excess of potassamide in this 
solvent, dipotassnm ammonosodiate^ K2rNa(NH2)3], is obtained : 
it crystallises well and does not lose ammonia at 100° in vacuo. 
Dipotasmm ammonoliOiiate, K2[Li{Nn2)3l may be similarly 
prepared. 

Potassium Nitrite^ KNOg, is formed when saltpetre is heated 
until one-third of the oxygen is evolved (Mitscherlich). The 
residue invariably contains undecomposcd nitrate, and also 
oxides of potassium. The above decomposition takes place more 
readily in the presence of metallic iron, copper, or lead (Stro- 
meyer). In order to prepare it in this way two parts of lead 
may be employed to one part of saltpetre. The latter salt is 
fused, and the fused mass heated to dull redness, the lead then 
added little by little, and the cooled mass lixiviated with water. 
On evaporation, or on neutralising in the cold with dilute 
sulphuric acid and adding to the solution twice its weight of 
alcohol, crystals of the nitrite are precipitated. 

Pure potassium nitrite is best prepared by decomposing silver 
nitrite with potassium chloride (Berzelius), by decomposing 
amyl nitrite with the exactly necessary quantity of alcoholic 
potash (Chapman), by passing nitrous fumes into caustic potash 
(Divers),^ or by the electrolysis of a solution of potassium 
nitrate.® It forms small indistinct, yellowish, anhydrous crystals 

* Wohler and Stang-Lund, ZeiL Elektrochem., 1918, 24, 261. 

2 Titherley, Journ, Cliem. Soc., 1894, 65, 611. 

* Franklin, J. Physical Chem., 1919, 23, 36. 

^ Jovrn. Chem. Soc., 1899, 76, 86, 

* Dupare, Couchct, and Schlossei, Zett. Elcktrochcm , 1906, 12, 665. 
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which deliquesce in moist air, are soluble in one-third their 
weight of water, and are insoluble in alcohol. This salt is em- 
ployed for the separation of cobalt and nickel, and also in 
organic chemistry. 

173 Potassixm Nitrate, Saltpetre, or Nitre, KNO3. — This re- 
markable salt was known to the ancients, being termed 
Sal petrcB by the Latin Geber. It was frequently called Sal 
nitri by the later alchemists, to distinguish it from mtrum, by 
which name the ancients signified the native carbonate of soda, 
a salt which was not imfrequently mistaken for nitre. When 
trade between the East and the West increased, the mineral 
alkali was imported under the special name of natron, and then 
the word nitruin was specially reserved to designate saltpetre. 

Saltpetre occurs, together with other nitrates, as an efflores- 
cence on the soil in various hot coimtries, especially in Bengal, 
but likewise in Egypt, Syria, Persia, and Hungary, as well 
as in America. In Ceylon^ and India nitre is obtained 
by the lixiviation of certain porous rocks, whence the origin of 
the word sal-petrse. These yield from 2-5 to 8 per cent, of their 
weight of nitre. The formation of nitre, whether found in the 
soil or in porous felspathic rocks, is due to the gradual oxida- 
tion of nitrogenous organic matter in contact with an alkali 
in presence of a nitrifying organism. In the decay and putre- 
faction of such bodies ammonia is first formed and is then con- 
verted into nitrous and finally into nitric acid. Nitre is also 
found in the juices of certain plants. This fact was first pointed 
out by L. Lemery in 1717. Certain species of amaranthiis, 
especially A, atropurpureus, contain no less than 22-7 per cent, 
of nitre in the dry plant (Boutin). , Crude “ Chile saltpetre 
and the “ caliche ” from which it is obtained may contain con- 
siderable amounts of potassium nitrate : in certain oficinas this 
salt forms up to 30 per cent, of the total soluble nitrate in the 
raw material and quite commonly 5 per cent, or more occurs in 
the crude sodium nitrate of commerce. 

In India, a caste of men termed Sorawallahs,^ from sora, nitre, 
at one time made it the business of their lives to collect the raw 
material, and to manufacture and sell the salt, which, before the 
introduction of cheap artificial ice, was employed locally for 
producing frigorific mixtures and was also largely exported. 

“ The Sorawallah goes about the village, examining the small 

^ John Dav 3 % Quart. Joum. Set., 1818, 6, 233. 

* Palmer, Joum. Chem. Soc., 1868, 21, 318. 
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surface drains which issue from holes in the mud-wall, usually 
found around native dwellings and their cow-houses; when he 
detects a faint white veil-like patch of crystalline formation, on 
or near the dark-coloured borders of these little drains, he 
knows that a considerable quantity of nitre exists, on or near 
the surface of all the surrounding earth; he accordingly pro- 
ceeds to scrape oH a very thin layer of the surface soil, which 
he carries away to his place of manufacture, as soon as his 
morning’s collections are finished. On arriving there, the im- 
pregnated earth so collected is thrown into an earthen vessel 
containing cither w^atcr or water which has been poured off 
from previous supplies of similarly impregnated earth.” The 
liquid thus obtained was allowed to evaporate and the nitrate 
of ])otash rccrystallised once or twice. “ The Sorawdllah makes 
fresh collections from precisely the same spots of ground from 
week to week, year to year, and from generation to generation 
after the manner of the Eastern world ; the production of nitre 
is constant so long as the place continues to be inhabited; it 
even continues to appear in large, though gradually decreasing, 
quantities, for years after the village may have been deserted. 
Tlic intervals at w'hich fresh collections may be made from the 
same spot vary in different localities and in different seasons of 
the year, from one to seven, ten, or more days.” 

Tliis production of nitre is doubtless preceded by the forma- 
tion of nitrate of calcium, and this, by double decomposition 
witli potassium carbonate, yields nitre and calcium carbonate. 
Indian saltpetre was introduced into Europe by the Italians, and 
first employed for medicinal and chemical purposes. 

AVhen the demand for gunpowder became great, nitre began 
to be manufactured in Europe. Agricola, in his celebrated 
treatise l)c Re MetalJica, describes the process of refining salt- 
jietre as follows : — “ Saltpetre is obtained from a dry somewhat 
fatty earth, which is boiled with quick-lime and wood-ashes. 
The mass is then lixiviated and the solution evaporated.” ^ 
During the blockade of the French ports, the artificial production 
of nitre was of necessity largely carried on in that country. 
For this purpose nitrogenous organic matter of animal or vege- 
table origin, after having been allowed to putrefy by exposure 
to air in a dark place was mixed with substances such as lime, 
mortar, or wood-ashes, containing the carbonates of potash, 
magnesia, or lime. The mixture was then heaped together in 
^ Berzelius, Trmte, 3, 119. 
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ridges (saltpetre walls), or in low heaps (saltpetre mounds), 
which were then moistened from time to time by the drainage 
of dung heaps, or by urine, and exposed to the air. After 
standing for from two to three years the outer surface or salt- 
petre earth was removed and exhausted with vrater. This 
yielded the crude saltpetre ley which contained the nitrates of 
calcium and magnesium together with the chlorides of potassium 
and sodium. On boiling this liquor with potashes the calcium 
and magnesium salts were decomposed, and the clear solution 
was then crystallised. Raw nitre was thus obtained, and this by 
repeated solution and crystallisation was converted into purified 
nitre. In order still further to purify the salt, it was dissolved in 
boiling water, and the solution constantly agitated when cooling. 
The salt then separated out in small crystals termed saltpetre- 
fiour, which enclosed much less of the mother-liquor, and 
therefore much less impurity than the large crystals. This 
finely-divided salt was then again purified by washing it with 
a saturated solution of pure nitre which dissolved out the last 
portions of foreign salts, thus rendering the saltpetre free from 
chlorides and fit to be employed in gunpowder-making. 

Since the discovery of large quantities of potassium chloride at 
Stassfurt, this salt has been almost exclusively used for the 
artificial manufacture of saltpetre. This manufacture depends 
upon the fact that under certain conditions solutions of Chili 
saltpetre, NaNOg, and of potassium chloride undergo, when mixed, 
a double decomposition, chloride of sodium being deposited and 
potassium nitrate remaining in solution. For this purpose equiva- 
lent quantities of sodium nitrate and potassium chloride are dis- 
solved in the mother-liquor from a previous operation and heated 
by steam for about half an hour. The product is run into 
strainers, where it is kept hot, the greater part of the sodium 
chloride separating out under these conditions ; the filtered liquor 
is then allowed to cool, and the resulting saltpetre meal, which 
contains 7 to 9 per cent, of sodium chloride and a little mag- 
nesium chloride, is purified by washing with mother-liquors 
resulting from subsequent washings, recrystallised, and finally 
washed with small quantities of pure water. 

The equilibrium between the chlorides and nitrates of potass- 
ium and sodium in aqueous solution has been studied, and the 
data afford useful information as to the best method of preparing 
the so-called “ conversion ” saltpetre.^ 

^ Reimlers, Proc. K. Akad. Wetensch. Amsterdam, 1914, 17, 1066. 
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Saltpetre occurs in commerce in the form of small well- 
formed crystals, and as “ flour.” The latter is much purer 
than the larger crystals, which are often hollow and contain 
chloride of potassium and other impurities. About 10,000 tons 
per annum are imported into the United Kingdom. 

Potassium nitrate is dimorphous.^ It usually crystallises in 
rhombic prisms, which often closely resemble regular six- 
sided prisms. If, however, a few drops of a solution of nitre 
be allowed slowly to evaporate, rhombohedral crystals are 
deposited, isomorphous with those of sodium nitrate, but these 
are very unstable and when touched are converted into an 
aggregate of small rhombic crystals. The rhombohedral form 
is stable above 129°, and a second rhombohedral form is known 
which is stable at a still higher temperature.^ 

Saltpetre has a specific gravity of 2*1; it melts at 339° 
(Person), and possesses a bitter cooling saline taste. It dissolves 
in water with absorption of much heat. This property of nitre 
was first pointed out by the Spanish physician Blasius Villa- 
franca, in his tract published in 1550, entitled Methodus 
refrigerandi ex vocato Sale-nitro vinum aquamque ac potus 
quodvis aliud genus.” According to Riidorff, 16 parts of nitre 
when dissolved in 100 parts of water at 13*2° lower the temperature 
to -f- 3°. 

One hundred parts by weight of water dissolve : 

At O'* 10'^ 20° 40° 60° 80° 100° 

KNO3 13*3 20*9 31*6 63*9 109*9 169 246, 

vhilst at 114*1°, the boiling point of the satuiated solution, 311 
parts of the salt are dissolved. 

Saltpetre is used in the laboratory, in medicine, for the salting 
or j)ickling of meat, to vhich it imparts a red colour, and for 
pyrotechnic purposes, but chiefly in the manufacture of gun- 
powder. 

A salt of the composition KN03,2T1N03, which is known as 
potassium trinitrate, crystallises out when a solution of potass- 
ium nitrate (1 mol.) in highly concentrated nitric acid (2 mols.) 
is cooled to ~3° ; the salt forms prisms which melt at 22°, and 
arc decomposed by water. An unstable salt, KN03,HN03, is 
also known, which crystallises in plates.® 

1 Miller, Phi Mag , 1840 [3], 17, 38. 

^ Wallorant, Comjit. rend , 1906, 140, 264. 

3 (IroschufF, Zeit. anorg Chem., 1904, 40, 1. 
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Nitre used in Explosives } — The Chinese are said to have been 
acquainted with the mode of manufacturing gunpowder from 
early times, although employing it rather for making fireworks 
than for warlike purposes. It appears probable that the know- 
ledge of this manufacture resulted from an improvement in the 
preparation of Greek fire, which was discovered in 673 a.b., and 
itself consisted of combustible and fusible substances such as 
pitch, resin, and sulphur, mingled with crude saltpetre. In the 
Liber ignium of Marcus Graecus, a work which dates from tlie 
early part of the thirteenth century, and bears many traces of 
Arabian influence, mention is made of the use of saltpetre, sal 
petrosum, as a constituent of gunpowder. None of the Arabian 
alchemists appear to have been aware of the property of salt- 
petre deflagrating when mixed wdth a combustible body, and not 
until the thirteenth century do we find this clearly pointed out 
by Roger Bacon as follows : — ^ ‘‘ Talis natura est (sal nitruni), 
quod si immediate ignitos carbones tangat, statim accensum 
impetu evolat.’’ 

This fact is strikingly shown when a mixture of twenty parts 
of nitre and three parts of charcoal is thrown into a red-hot 
crucible, vivid incandescence and a violet combustion being 
noticed : 

4 KNO 3 + 50 = 2 K 2 CO 3 + 3 CO 2 + 2 N 2 . 

An intimate mixture of fifteen parts of saltpetre and five 
parts of sulphur also burns very brilliantly : 

2KNO3 + 2S = K2SO4 + SO2 + N2. 

Detonating Powder, first described by Glauber, consists of a 
mixture of three parts of saltpetre, two parts of dry potassium 
carbonate, and one part of sulphur. When the mixture is heated 
in an iron spoon it first fuses and then explodes violently. In 
this reaction the sulphur forms potassium sulphide, which at 
the high temperature of the combustion is oxidised by the nitre, 
free nitrogen being evolved. 

Powder of Fusion or BaumSs Quick Flux, also mentioned 
by Glauber, contains one part of nitre, one part of sulphur, 
and one of sawdust. This if set on fire burns with so much 
heat that a small silver coin exposed to it is rapidly melted. 

174 Gunpowder , — Firearms appear to have been used in 

^ For much interesting information concerning the early history of gun- 
powder, see Outtmann, Monumenta Pulveria Pyrii (Printed for the Author 
at the Artist’s Press, Balham, Tjondon, 1906). 

* Breve breviarium de Dono Dei. 



POTASSIUM AND NITROGEN 


363 


Florence in 1325, but field pieces were first employed by the 
English at the battle of Cr 6 cy in 1346. 

Gunpowder consists of a mixture, in somewhat varying pro- 
portions, of charcoal, sulphur, and nitre. Its explosive power 
depends on the rapid combustion of the charcoal and sulphur 
at the expense of the oxygen of the nitre, and the sudden 
liberation of a large volume of gas, which occupies several 
hundred times the bulk of the solid powder. Hence gunpowder 
can burn in a closed space or under water, as it contains in itself 
the oxygen needed for the combustion. A singular fact which 
has been found to be true in practice is that the description of 
gunpowder which acts best is that which contains nearly two 
molecules of nitre to one atom of sulphur and three atoms of 
carbon. Hence it was formerly believed that the decomposition 
which took place when powder was fired was a very simple one, 
represented by the following equation : 

2 KNO 3 + S + 3C - KgS + N 2 + SCOg. 

If this equation represents the decomposition which actually 
occurs, it follows that the most effective powder must be 


composed of : 

Nitre 74-9 

Carbon 13*3 

Sulphur 11*8 


100 * 0 . 

The compositions of the gunpowders employed by different 
nations approach closely to these theoretical numbers; but in 
no case, as will hereafter be seen, are these numbers exactly 
adhered to. Indeed, the fact that the charcoal employed in 
the manufacture of gunpowder does not consist of pure carbon, 
but contains considerable quantities of hydrogen and oxygen, is 
sufficient to show that the above simple reaction cannot represent 
the real decomposition which occurs when poAvder is fired. In 
addition to this, however, Gay-Lussac and Chevreul proved long 
ago that, in addition to nitrogen and carbon dioxide, carbon 
monoxide is evolved in the firing of gunpowder, whilst the residue 
does not merely consist of potassium sulphide, but contains the 
carbonate, sulphate, and other salts. 

We owe the first careful experimental investigation con- 
cerning the nature of the decompositions which occur when 
powder is fired to Bunsen and Schischkoff.^ They proved that 
1 Phtl Mag,, 1868 [ 4 ], 15 , 489 . 
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a very large number of salts, such as sulphate, thiosulphate, 
sulphide, and carbonate of potassium, are contained in the 
smoke and solid residue remaining after the powder has been 
fired; whilst many other gases, especially carbon monoxide, 
hydrogen, and sulphuretted hydrogen, besides carbon dioxide 
and nitrogen, are formed. In these experiments the powder was 
fired into a vacuum, and consequently some conditions as regards 
temperature and pressure which are met with in the practical 
use of gunpowder were not maintained. Linck repeated these 
experiments with a different kind of powder, and Karolyi analysed 
the products obtained by exploding small charges in shells 
inclosed in a vacuous space. 

Subsequently Abel and Noble ^ published the results of a 
very complete investigation on the products of combustion of 
powder fired under conditions similar to those which exist when 
it is fired in guns. The gunpowder operated upon included five 
kinds, viz., pebble powder, rifle large-grain (cannon powder), fine- 
grain powder, and rifle fine-grain powder, all English military 
powders, together with one spherical pellet powder of Spanish 
manufacture. The following table gives the complete analyses 
of the different powders employed : 



Pebble powder. 
Waltham 
Abbey 

aiflo large- 
gram (cannon 
powder). 
Waltham 
Abbey. 

Kiflo 

fine- gram. 
Waltham 
Abbey. 

Fino-graln 

Waltham 

Abbey. 

Spanish 
spheric al 
pebble powder. 

Saltpetre . 
Potassium 
sulphate 
Potassium 
chloride 
Sulphur . . 

Is / Carbon 

8 1 Hydrogen 

1 1 Oxygen 

O vAsh . . 

Water . 

74 67 

1 0 09 

1 _ 

^ 10 07 

12 12^ 

^ i 14 22 

1 45 r ^ 

0 23j 

0 95 

74 95 

015 

10 27 

10 86\ 

^ -13 52 

199 

0-26j 

1 11 

75 04 

014 

9 93 

10 67) 

0 52 1 , . 

2-66 r 

0-24 j 

0 80 

73 55 

0 36 

10 02 

11 36) 

on) 

1-48 

75 30 

0 27 

0 02 

12*42 

8 65) 

0 38 1 j 1 34 

0 63j 

0*65 


Quantities of gunpowder varying from 100 to 750 grams 
were exploded in a mild steel vessel of great strength, carefully 
tempered in oil. The main orifice of the vessel was closed by 
an accurately fitted screw firing-plug, in which was a second 
conical plug, carrying two insulated platinum wires, by means 
of which the charge could be fired by electricity. Two other 
apertures in the chamber communicated respectively with an 
arrangement for allowing the gases to escape and an apparatus 
^ Phi Trans., 1876, 165 , 49. 
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for determining the pressure of the gases at the moment of 
explosion. The pressures observed varied from 1 to 36 tons 
per square inch. The results of this investigation may be 
shortly stated as follows : 

(1) The composition of the gas furnished by the explosion of 
all the English powders is remarkably uniform, but under high 
pressures the carbon dioxide increases and the carbon monoxide 
decreases. 

(2) The composition of the solid products exhibits a much 
greater variation. 

(3) The decomposition which an average gunpowder under- 
goes when fired in a closed space cannot be represented by even 
a comparatively complicated chemical equation. 

(4) The volume of the permanent gases, measured at 0"^ and 
760 mm., furnished by combustion of 1 gram of powder in a 
closed vessel is about 280 c.c., and is therefore about 280 times 
the volume of the powder. 

(5) When 1 gram of powder is burnt the solid products of 
combustion amount to 0-57 gram, and the permanently gaseous 
products 0*43 gram. 

(6) The pressure of the products of combustion when the 
powder entirely fills the space in which it is fired is about 6,400 
atmospheres, or 42 tons per square inch. 

(7) The heat developed by the burning of 1 gram of powder 
is about 705 thermal units. 

(8) The temperature of explosion is about 2,200°. 

The following tables give the analytical results obtained with 
three of the powders, including both the solid and gaseous 
products of combustion. 


/. {Pebble) \ 11, R, L, G, {Rifle Large Grain); III. F, G, {Fine 
Grain), each under two different pressures. 



Pebble. 

1 R. I 

.. G. 1 

F. 

G. 


I. 



III. 

Pressure of cxplo-i 
sion in tons por> 

1-4 

12-5 

1-6 

35-6 

3-7 

18-2 

square inch . . j 

Percentage weiglit] 
of solid pro- 
ducts . . . j 

Percentage w^eighti 
of gaseous pro-> 

56-12 

55-17 

57-22 

57-14 

58-17 

58-08 

43-88 

44-83 

42-78 

42-86 

41-83 

41-92 

ducts . . . J 









366 


SYSTEMATIC DESCRIPTION OF THE METALS 


Composition by Weight (in Grams) op the Products of Explosion 
OF A Gram of Powder as furnished by the above Examples. 



I. 

II. 

HI. 

Potassium carbonate 

0-3115 

0-3098 

0-3007 

0-3755 

0-3454 

0-2499 

thiosulphate . 

0-1163 

0-0338 

0-1166 

0-0491 

0-0308 

0-1863 

sulphate . . 

0-0843 

0-0658 

0-1171 

0-0487 

0-1409 

0-1220 

sulphide . . 

0-0416 

0-1055 

0-0230 

0-0413 

0-0298 

— 

thiocyanate 

0-0005 

0-0013 

0-0000 

0-0021 

0-0001 

0-0013 

nitrate . . . 

0-0027 

0-0011 

0-0032 

0-0011 

0-0005 

0-0011 

oxide 



— 

— 

— 

— 

0-0173 

Ammonium sesqui-1 
carbonate . J 

0-0009 

0 0004 

0-0003 

0-0009 

0-0009 

0-0002 

Carbon . 


— 

0-0072 

— 


— 

Sulphur . . . 

0-0034 

0-0340 

0-0041 

0-0527 

0-0333 

0-0027 

Total solid . 

0-5612 

0-5517 

0-5722 

0-5714 

0-5817 

0-5808 

Sulphuretted hydro-\ 
gen . . . j 

Oxygen . . . 

0-0134 

0-0084 

0-0166 

0-0077 

0-0151 

0-0081 

— 

— 

— 

— 

— 

0-0006 

Carbon monoxide . 

0-0519 

0-0473 

0-0303 

0-0356 

0-0416 

0-0258 

Carbon dioxide . . 

0-2577 

0-2770 

0-2597 

0-2750 

0-2512 

0-2718 

Methane .... 

— 

0-0012 

0-0006 

0-0015 

— 

0-0009 

Hydrogen . . . 

0-0007 

0-0005 

0-0005 

0-0003 

0-001 0 

0-0005 

Nitrogen . . . 

0-1151 

0-1139 

0-1201 

0-1085 

0-1091 

0-1117 

Total gaseous 

0-4388 

0-4483 

0-4278 

0-4286 

0-4183 

0-4192 


The total theoretic work of gunpowder is about 332,000 gram- 
metres per gram, or 486 foot-tons per lb. of powder. 

A difference between the products of powder of large and 
small grain can be observed. The very small grain powders 
furnish decidedly smaller proportions of gaseous products than a 
large-grain powder, and this again smaller than a pebble powder. 
The most important solid products are found to consist of the 
following potassium salts : carbonate, sulphate, thiosulphate, and 
sulphide. The proportion of carbonate is much larger, and that 
of sulphate very much smaller, than was formerly believed to 
be the case. 


Potassium and Phosphorus. 

I7S Normal Potassium Orthophosphate, K3PO4, is formed, 
according to Graham, when phosphoric acid is ignited with an 
excess of potassium carbonate. It is more general now to heat 
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a mixture of phosphatic slag or naturally occurring calcium 
phosphate with powdered coke and potassium sulphate. It is 
readily soluble in water, and crystallises in small needles. The 
mono-acid salt, K2HPO4, does not readily crystallise, and the 
di-acid salt, KII2PO4, is obtained by adding phosphoric acid to a 
solution of potassium carbonate until the liquid after boiling is 
neutral to phenolphthalein. The salt is deposited in deliquescent 
tetragonal crystals, easily soluble in water, but insoluble in 
alcohol. It is employed in the manufacture of artificial fertilisers.^ 

Potassium Tetrathiophosphale, K3PS4,H20, is obtained by the 
action of sodium sulphide in excess on phosphorus pentasulphide 
in concentrated aqueous solution, and forms crystals stable in 
air.“ 

Potassium Pyrophosphate, K4P2O7. — When the mono-acid 
orthophosphate is ignited this salt is formed. It deliquesces on 
exposure, and is deposited in the form of fibrous crystals con- 
taining three molecules of water, when the solution is evaporated. 
The acid salt, n2K2P207, separates out as a white deliquescent 
mass when tlie normal pyro-salt is dissolved in acetic acid and 
alcohol added to the solution. 

Potassium Metaphosphates , — These salts exist in a large 
number of polymeric modifications, which closely resemble the 
corres])onding sodium salts (p. 283 ). 


Potassium and Arsenic. 

176 Potassium Arsenide . — Two arsenides of potassium, AsKg 
and AS4K2, have been prepared by acting on a solution of 
potassium in liquid ammonia with arsenic, and heating the 
resulting compounds.^ 

Potassium Arsenite . — Arsenious oxide dissolves easily in an 
aqueous solution of potash, and if the minimum quantity of 
potash be employed, the compound KAs02,H3As03 may be 
obtained as a crystalline powder when the solution is mixed 
with alcohol. If this is warmed with a solution of potassium 
carbonate, potassium meta-arsenite, KAsOg, is formed, and this 
when warmed with caustic potash yields potassium diarsenite, 
K4AS2O5, likewise precipitable by alcohol. 

A solution of potassium arsenite is used in medicine under 

^ Meyer, Zcit. angew. Chem., 1905, 18 , 13S2. 

* Ephraim and Stein, Bcr., 1911, 44 , 3405. 

® Hugot, CompL rend., 1899, 129 , 603. 
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the name of Fowler’s Solution. This solution is prepared by 
boiling one part of solid arsenious oxide with an equal weight of 
potassium carbonate in distilled water, and diluting the clear 
liquid so as to form 90 parts of solution. 

Normal Potassium Arsenate^ K3ASO4, is prepared by adding 
an excess of caustic potash to arsenic acid. On evaporation it is 
deposited in the crystalline form (Graham). Monohydrogen 
potassium arsenate, K2HASO4, crystallises with difficulty, but the 
dihydrogen salt, KH2ASO4, can be obtained in large crystals. 
This last salt was known as Macquer's arsenikalisclies Mitlelsalz, 
and was formerly prepared by deflagrating equal parts of 
arsenious oxide and nitre, dissolving in water, and leaving the 
solution to crystallise. These crystals are isomorplious with 
dihydrogen potassium phosphate, and likewise turn blue litmus 
paper red. 

Potassium and Boron. 

177 Potassium Metaborate, KBOg. — \Vhen boric acid and 
potassium carbonate (or any other potassium salt containing a 
volatile acid) are fused together in the proper proportions, the 
above salt is obtained. It is sparingly soluble in water, whence 
it is deposited in small monoclinic crystals, possesses an alkaline 
reaction, and absorbs carbonic acid from the air with formation 
of potasskm pyroborate or tetraborate. This latter substance is 
obtained by adding caustic potash to a solution of boric acid until 
the liquid attains an alkaline reaction. It is easily soluble, crys- 
tallises in hexagonal prisms having the formula K2B407,r)H20 
and possesses a faint alkaline ta.ste. If hot solutions of boric 
acid and potassium carbonate be mixed together, in the pro- 
portion of one molecule of the former to two molecules of the 
latter, glittering rhombic crystals of potassium tnborate, 
2KB305,5H20, separate out, and when a hot solution of caustic 
potash is saturated with boric acid, rhombic pyramids of 
qwtassium pentaborate, KB508,4H20, are deposited. 

Potassium Perborate, KBOgjIHgO, is precipitated by alcohol 
from a solution of the borate in hydrogen peroxide, and has the 
characteristic oxidising properties of this class of salts (Vol. I., 
p. 737 ; this vol., p. 288). 

Potassium and Carbon. 

178 Potassium Carbide, KgCg, closely resembles the sodium 
compound (p. 289), and is prepared in a similar manner. The 
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compound with acetylene, CgKgjCgHg, crystallises in brilliant 
silky, rhombohedral lamellse.^ 

Normal Potassium Carbonate, KgCOg. — This salt, well-known 
under the name of potashes, was originally obtained solely 
from the ashes of w’ood and other land plants, as the name 
implies, boiled in pots. Even to the present day this com- 
pound is sometimes obtained according to the old process, 
especially in Canada, North America, Moravia, the Steppes of 
Southern Russia, Hungary, and other districts where wood is 
plentiful. The ashes are lixiviated in wooden tubs, and the 
dark brown lye thus obtained evaporated to dryness or to the 
point of crystallisation, and the residue calcined in a reverbera- 
tory furnace to remove organic matter. The crude product has 
usually a red, yellow, or green colour, due to the presence of iron 
or manganese, and also contains potassium chloride, sulphate 
and silicate, as well as sodium salts, and, where caustic lime 
is added, as in the preparation of American potash, consider- 
able quantities of caustic potash ; the latter may be converted 
into carbonate by calcining the crude ash with sawdust. To 
purify the crude ash it is redissolved in two parts of boiling 
water, the filtered solution is allowed to stand for some days, then 
poured off from separated salts, consisting chiefly of potassium 
sulphate, and the clear solution evaporated till the salt com- 
mences to crystallise out. After cooling, it is drained and 
washed with small quantities of water to remove the adherent 
mother-liquor. To the white salt thus obtained the name 
pearl-ash is given. 

Owing to the high price of potashes and the gradual extinc- 
tion of forests, and in consequence of this alkali being a substance 
largely needed in manufacturing processes, other sources of 
potassium compounds have been sought. The suggestion has 
frequently been made that felspar and other silicates of potash 
should be employed for the purpose, and this proposition seems 
a very plausible one, inasmuch as it is by the slow decomposition 
of these silicates that all fruitful soils obtain their potash salts. 
Hitherto, however, it has not been found possible to obtain potash 
commercially from this source, and fortunately other richer 
sources of potassium compounds have been discovered. Amongst 
these the first to be noted is that from the manufacture of beet- 
root and cane-sugar. Beet-root is a potash plant, its ash being 
particularly rich in potassium compounds. The first attempt 

^ Moissan, Compt. rend., 1898, 126, 302; 1898, 127, 911. 

VOL. II. (l ) B B 
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to obtain potash from this plant was made by incinerating the 
leaves. This process, however, did not prove satisfactory, and 
the molasses or uncrystallisable sugar, which contains large 
quantities of potash salts, is now evaporated, and either heated 
in a furnace to remove the organic matter, or distilled and the 
nitrogen recovered in the form of ammonia and cyanides. In 
either case a residue of potash salts and carbon is left, from 
which the salts are removed by lixiviation. 

Another remarkable source of potash is sheep-wool. It 
has already been mentioned that sheep withdraw a consider- 
able quantity of potash salts from the soil. Chevreul first 
pointed out that the sweat or suint of sheep contains no less 
than one-third of its weight of potash salts. The brown liquors 
in which the w^ool has been washed are evaporated to dryness, 
and the solid residue calcined in retorts, by which means 
ammonia and a gas used for illuminating purposes are evolved ; 
the residual mixture of charcoal and alkaline salts is again 
lixiviated, and treated as before described. 

Potashes are also manufactured from potassium sulphate, 
which is obtained in considerable quantity from the Stassfurt 
beds, from sea-water, by heating potassium chloride with 
sulphuric acid, and in the manufacture of dichromate. For 
the purpose of converting the sulphate into the carbonate it is 
heated in a reverberatory (black-ash) furnace with the requisite 
quantity of limestone and coal, the process being worked exactly 
according to Leblanc's process for obtaining carbonate of soda 
from salt-cake (p. 298). 

The greater part of the potassium carbonate wdiich is made 
from the Stassfurt salt is manufactured by the magnesia-potash 
process from potassium chloride. This depends on the fact that 
in the presence of magnesium carbonate, potassium chloride is 
decomposed below 24° by carbon dioxide, with formation of an 
insoluble double salt, KHCOgjMgCOg, 41120, and magnesium 
chloride. The precipitated salt is washed and then decomposed 
by warm water, or by magnesium hydroxide below 20°, and the 
solution of potassium carbonate is evaporated and calcined.^ 

In order to prepare chemically pure potassium carbonate, it 
was customary formerly to employ pure cream of tartar 
(hydrogen potassium tartrate), which was heated in covered 
iron crucibles. A mixture of carbon and potassium carbonate 

^ German Patents 135329 ; 143408; 143400; 157354. Davis, J. CAcwi. 
Ind., 1906, 25, 791. 
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was thus obtained, and by lixiviating the residue with water 
and evaporating the solution in a silver basin the pure salt 
was deposited. This salt even now retains the name of salt 
of tartar. Instead of the expensive tartar it is now customary 
to employ the much cheaper hydrogen potassium carbonate 
or bicarbonate of potash, which can be easily prepared in the 
pure state, and which on heating yields water, carbon dioxide, 
and potassium carbonate : 

2KnC03 -- H^O 4 - CO2 + K2CO3. 

When prepared on the manufacturing scale, the carbon 
dioxide which is evolved is made use of for the preparation of 
a fresh portion of bicarbonate. 

Pure potassium carbonate occurs either in the form of a 
white granular powder, or as a white solid mass, which possesses 
a strong alkaline reaction, and has an alkaline and slightly 
caustic taste. It has the sp. gr. 2*29, melts at 879°, and then 

loses a small quantity of carbon dioxide; it is converted into 

caustic potash and carbon dioxide at a red heat in a current of 
steam or hydrogen. At a white heat it is volatilised. It is 
extremely hygroscopic and very soluble in water, and when 
exposed to the air it soon deliquesces to an oily liquid which 
received the name of “ oleum tartari per deliquium.*^ One 
hundred parts of water dissolve of the salt ^ at 

0® 2(]^ 40^ GO'* 80'" 

105 113*5 117 127 140 parts. 

At 135° the boiling point of the saturated solution, 100 parts 
of water dissolve 205 parts of the salt. The hydrate which is 
stable in contact with water from —6*8° to 135° contains 2H20.^ 
For the sjiecific gravity of solutions of this salt, Gerlach’s tables 
may be consulted.® When the concentrated solution is allowed 
to stand, monoclinic crystals, possessing a glassy appearance and 
having the composition 2K2C03,3H20, are deposited. These 
on heating to 100° fall to a white powder having the composition 
K2C03,Il20, and this at 130° loses all its water. 

Potassium carbonate is largely used in the manufacture of 
soft soap, other potassium compounds, and crystal glass. 

Hydrogen Potassium Carbonate, KIICO3. — This salt, also known 

^ Meycrhoffer, Landolt-Bornstcm, Physikaliach-Chemische Tahdlen. 

* See also Lescoeur, Bull, Soc. Chim,, 1897, [3], 17, 18. 

^ Zett. anal. Chern,, 1869, 8, 279. 
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as potassium bicarbonate, is obtained by passing carbon dioxide 
through a concentrated solution of the normal salt, when the 
bicarbonate, which is much less soluble, crystallises out. Another 
process is to pass a current of carbon dioxide over the slightly 
moistened purified potashes, the product being recrystallised 
from warm water. It forms large, transparent crystals belonging 
to the monoclinic system, which possess a saline taste and a 
slightly alkaline reaction. One hundred parts of water dissolve 
at 10° 27*7 parts, and at 60°, 60 parts of the salt. When the 
solution is boiled carbon dioxide is given off, and when the dry 
salt is heated to 190° it is completely decomposed into the 
normal carbonate, carbon dioxide, and water. 

Potassium Percarbonate, KgCgOg, see Vol I., p. 835. 

Potassium Sulphocarbonate, K2CS3, is prepared by the inter- 
action of carbon disulphide and potassium sulphide. The salt 
has a yellow colour, and is readily soluble in water. 

Potassium Cyanide^ KCN. — Commercial potassium cyanide 
was formerly prepared according to Liebig’s method as follows. 
Eight parts of dry ferrocyanide of potassium (for the manu- 
facture of which see under Iron) are melted in an iron crucible 
together with three parts of potassium carbonate : 

K4Fe(CN)3 + K2CO3 == 5KCN + KOCN + COg + Fe. 

As is seen from this equation, the cyanide thus prepared 
contains cyanate; for some purposes this is of no consequence. 
A purer product can be obtained by heating the dry ferro- 
cyanide to a bright red heat : 

K4Fe(CN)6 = 4KCN + FeC2 + Ng. 

To avoid the loss of cyanogen which thus takes place in both 
these reactions it is now usual to heat the completely dehydrated 
ferrocyanide with metallic sodium : 

K4Fe(CN)e + 2Na = 4KCN + 2NaCN + Fe. 

The resulting mixture of potassium and sodium cyanides is 
known commercially as potassium cyanide. A large amount 
of potassium cyanide is now made by Beilby’s process, which 
consists in treating a fused mixture of potassium carbonate 
and charcoal with ammonia, the product being a molten cyanide 
of high strength, which is filtered from the small amount of 
insoluble matter present and is then cast in moulds, thus yielding 
massive crystalline cakes of pure white cyanide.^ It is also 
^ Beilby, ** Advances In Chemical Industry during the Nmeteenth 
Century,” Proc. Roy* Phil* 8oc*p Glasgow, 1904. 
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manufactured on a commercial scale from the waste product 
known as “ Schlempe ” of the beet-sugar refineries. The process 
is one of destructive distillation. Chemically pure potassium 
cyanide is best prepared by passing the vapour of hydrocyanic 
acid into an alcoholic solution of potash, the salt then separating 
out as a white, crystalline powder. 

Potassium cyanide has a sharp bitter taste ; it is exceedingly 
soluble in water, and dissolves slightly in cold, and somewhat 
more readily in hot, alcohol. When the concentrated aqueous 
solution of the salt is allowed to evaporate over strong sulphuric 
acid, it deposits crystals in the form of regular octahedra. 
Potassium cyanide is readily fusible, and on cooling solidifies 
in cubes. The weakest acids, even carbonic acid, decompose 
the salt with evolution of hydrocyanic acid. The salt is, 
moreover, partially hydrolysed in its aqueous solution, which 
possesses an alkaline reaction and always smells of hydrocyanic 
acid. It is itself as poisonous as the acid. 

Potassium cyanide is used in very large quantities in the 
Macarthur-Porrest process for recovering the last portions of 
gold from the tailings of the gold mines ^ (see Gold); in the 
laboratory it is also used as a reducing agent. This is due to 
the fact that when in the fused state it withdraws oxygen 
from many oxides and is converted into potassium cyanate. 
AVhen heated with nitric acid or potassium chlorate violent ex- 
plosions occur. Potassium cyanide and sulphur when melted 
together combine directly, forming potassium thiocyanate. This 
compound is also formed when the cyanide is heated ^^ith some 
metallic sulphides. 

Potassium Cyanate, KCNO or CO.NK, is prepared by heating 
four parts of very carefiilly dried potassium ferrocyanide and 
three parts of fused potassium dichromate in an iron dish, and 
extracting the product with hot 80 per cent, methylated spirit. 
It crystallises on cooling in transparent plates, which are readily 
soluble in water and alcohol, the aqueous solution gradually 
decomposing into ammonia and potassium hydrogen carbonate : 

KCNO + 2IT2O - Nllg + KHCO3. 

The cyanate can also be readily prepared by the electrolytic 
oxidation of a solution of potassium cyanide containing caustic 

* J. Soc. Chem. Ind., 1890, 9 , 270; Maclaurin, Jmim. Chem. Soc., 1893, 
63,724; 1896,67, 199. 
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potash.^ Potassium cyanate is employed in the preparation 
of certain organic compounds. 

Potassium Thiocyanate^ KCNS or CS:NK, is formed by the 
direct union of potassium cyanide and sulphur, but is usually 
prepared by gently heating a mixture of 46 parts of dry potass- 
ium ferrocyanide, 17 parts of potassium carbonate, and 32 parts 
of sulphur. The mass after cooling is extracted with boiling 
alcohol, and the salt crystallises from the cooled solution in long 
striated prisms, wdiich readily melt when heated and deliquesce 
in moist air. One hundred parts of water dissolve 217 parts 
of the salt at 20°, a considerable amount of heat being absorbed ; 
thus if 500 grams of the salt be mixed with 400 grams of water 
the temperature of the mass sinks to — 20° ; hence the salt 
has been used as a refrigerant. 

It melts at 172°, and on heating to 430° becomes coloured 
blue, the blue colour changing to white again on cooling.^ 

This salt occurs in minute amounts in human saliva. 


Potassium and Silicon. 

179 Potassium Silicates . — When silica is fused with potassium 
carbonate, carbon dioxide is evolved, and according to the projior- 
tions of the tw^o substances emjiloyed, the temperatures and the 
duration of heating, the silicates KgSiOg, K4Si308(2K20,3Si02), 
and K8Si304Q(4K20,3Si02) are obtained.® Attempts to obtain 
the orthosilicate, K4Si04, have all been unsuccessfiil, and in all 
probability it does not exist. The action at a high temperature 
of limited amounts of water upon vspecially prepared potash 
glasses^ produces potassium hydrogen disilicate, KILSi^Og, and 
potassium disihcate, KgSigO^. The former is very little affected 
by water, even at 100°, but the latter is hygroscopic and readily 
acted upon by water. 

Potassium Metasilicate, KgSiOg, obtained by fusing equal mole- 
cular proportions of silica and potassium carbonate, forms a 
glassy mass which deliquesces on exposure to moist air. It also 
absorbs carbonic acid from the air, and is gradually transformed 
into a transparent jelly which in time shrinks together, and after 
some weeks becomes hard enough to scratch glass. It is probable 

^ Patemd and Pannaln, Qazz., 1904, 34, [2], 152. 

* Patem6 and MazzucchelU, AtU li. Accad. Lincei, 1907, [5J, 10, i , 405. 

* Scheerer, Annalen, 1860, 116, 149. 

* Morey, J. Amer. Chem, Soc., 1914, 36, 215. 
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that opal and flint are formed in a similar manner (Kuhlmann). 
Van Helmont was aware that the substance obtained by fusing 
silica with an excess of alkali became liquid on exposure to air, 
and Glauber termed this liquor silicum. 

Soluble Tpotash glass is prepared in a similar manner to soluble 
soda glass (p. 293), and closely resembles it in properties. It 
has been used for a variety of purposes, but its place has 
mostly been taken by the cheaper soda glass. 

Potassium Silicojluonde, KgSiFg, is obtained when hydro- 
fluosilicic acid is brought into contact with a solution of a 
potassium salt. When the acid is added in small quantities 
no precipitate is observed to form, but soon the liquid begins 
to exhibit iridescent colours, and after a time the insoluble 
potassium fluosilicate separates out as a semi-transparent mass. 
After washing with water and drying, the salt is obtained as 
a fine white powder sparingly soluble in cold, though easily 
soluble in hot, water. By slow cooling it may be obtained 
in the form of bright octahedra, which sometimes show cubic 
faces (Marignac). 


Detection and Estimation of Potassium. 

i8o The best indication of the prCvSence of potassium com- 
pounds is the violet colour which they impart to the non- 
luminous flame. This tint is, however, not seen if even a 
small quantity of a sodium compound is present, and it is 
then necessary to examine the flame by means of the spectro- 
scope. The spectrum thus obtained is that of the metal itself 
ancl contains only two characteristic lines -viz., the double line 
Ka (7697 and 7663), in the outermost red, approaching the 
ultra-red rays and below the dark line A of the solar 
spectrum; and a second line (4044), situated far in the 
violet rays, towards the other end of the spectrum, also identical 
with a dark solar line. Owing to the position of the two 
lines, Ka and K^, both situated near the limit at which 
our eyes cease to be sensitive to the rays, this reaction for 
potassium is not very sensitive, but doxi of ^ milligram can 
be readily detected. The absorption spectrum of potassium 
has been mapped by Koscoe and Schuster.^ It is totally 
different from the emission spectrimi just described, being a 

1 Proc. Roy, Soc., 1874, 22, 362, 



376 


SYSTEMATIC DESCRIPTION OF THE METALS 


channelled space spectrum. Observed at a low temperature, 
the green-coloured vapour exhibits a well-marked series of 
bands, one group in the red (a) and two groups and 7 ) 
at each side of the sodium line being seen. These bands 
are all shaded off towards the red, and in general appearance 
resemble those of the iodine spectrum. 

In order to detect and estimate soluble potassium compounds 
they must be precipitated either as the perchlorate, the 
phosphotungstate, the acid tartrate, or the chloroplatinate 
KoPtClg. 

Potassium may be detected microchemically by the yellow 
precipitate or coloration produced with sodium cobaltinitrite 
and acetic acid,^ and the same reagent has been proposed for its 
estimation.^ Cunningham and Perkin have, however, shown 
that the method is not reliable.^ 

For the separation of this metal from sodium and for its 
quantitative estimation, an excess of chloroplatinic acid, 
IlgPtClg, is added to the mixed chlorides; the liquid is then 
evaporated on the Tvatcr-bath, and the cooled residue mixed 
with strong alcohol, in which the excess of chloroplatinic acid 
and the sodium double salt easily dissolve. The potassium 
double salt is then collected, dried, and weighed, or its amount 
estimated indirectly from the amount of platinum or chlorine 
which it contains. Potassium may also be estimated by adding 
perchloric acid and alcohol to the concentrated solution, the 
precipitated potassium perchlorate being w’^ashed with a mixture 
of alcohol and water, dried, and weighed. The perchlorate 
method is now usually employed for the assay of potassium 
salts. 

The mixed chlorides of potassium and sodium can also bo 
weighed, and then converted into sulphates by treatment with 
strong sulphuric acid, and the weight of these determined. 
From these data the amount of potassium {x) and of sodium (?/) 
present can readily be calculated when the molecular weights of 
the several salts arc known. Thus : 

K = 39-10 Na = 23-00 Kg - 78-20 Nag - 46-00 

Cl = 35-46 Cl 35-46 SO 4 = 96-07 SO 4 96-07 


74-56 58-46 174-27 142-07 

' Macallum, Journ, Phf/siol,, 1905, 32» 95. 

Adie and Wood, Journ, Chem, 80 c., 1900, 77, 1076, 

* Journ, Chem, Soc,, 1909, 95, 1562. 
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If A represent the weight of the mixed chlorides, and b that 
of the mixed sulphates, we have : 

74*56 , 58*46 

39-10® 23-00^ 

174-27 , 142-07 
“”■ 78-20®+ 46-00^ 

Hence the values of x and y can be readily obtained. 

A similar result may be obtained by simply ascertaining the 
amount of chlorine present in the mixed chlorides by titration 
with silver nitrate solution, but neither of these indirect 
methods is susceptible of great accuracy. 

The atomic weight of potassium was determined by Stas. 
As a means of eight experiments he found that 100 parts of 
potassium chlorate yielded 60*846 parts of potassium chloride 
on ignition. Moreover, 69*103 parts of potassium chloride were 
needed, as a mean of nineteen experiments, to precipitate 100 
parts of silver from solution : and 100 parts of silver, as a mean 
of seven experiments, gave 132*8445 parts of silver chloride. 
These experiments give the number 38*85 as the mean for 
the atomic weight of potassium, the number 35*18 for that of 
chlorine, and the number 107*12 for that of silver when H = 1 
(or K = 39*15, Cl = 35*45, and Ag = 107*93, when 0 = 16). 

A closely agreeing result has been obtained by the analysis 
of the chloride by Archibald,^ who found that 100 parts of silver 
were precipitated as chloride by 69*114 parts of potassium 
chloride, and that 100 of silver chloride were produced by 
52*028 of potassium chloride. Finally, Richards and Staehler^ 
have carefully analysed potassium chloride prepared from potass- 
ium nitrate, and have found the ratios KCl : Ag = 69*1072 : 100; 
KCl : AgCl = 52*01 18 : 100. The atomic weight of potassium is 
therefore 38*821 when Ag == 107*12, and Cl = 35*207 ; or 39*114 
when Ag - 107*93, and Cl =- 35*173. 

The international atomic weight of potassium (1922) is 
39*10. 


RUBIDIUM. Rb - 85*45. At. No. 37. 

1 81 In the year 1860 Bunsen® announced the discovery by 
means of spectrum analysis of a new alkali metal, to which he 

* Trans. Roy. Soc., Canada [2], 10, iii., 47. 

» Ber., 1900, 39, 301 1. ’ Berlin Akad. Ber., May 10, 1800. 
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gave the name of Ccesium, and in 1861 he discovered by the 
same method a second new alkali metal, and to this he gave 
the name Rubidium, 

These two metals and their compounds possess so close a 
resemblance, and at the same time give reactions so similar to 
those of potassium, that they cannot be distinguished either 
from the well-known alkali or from one another by any of the 
common wet reactions or blowpipe tests. The only means by 
which their presence can be readily detected is by their spectrum 
reactions, and these are so delicate and so characteristic that 
they serve for the certain recognition of the minutest trace of 
these two new bodies, whether present alone or mixed with the 
other alkalis. The metals were first met with by Bunsen in 
the waters of Diirkheim in the Palatinate, and in the mineral 
petalite. In these, however, they are contained in such small 
quantity that, although their presence can be easily recognised 
in a few drops of the water or in a few grains of the mineral, 
it was requisite to boil down 40 tons of the water, and to work 
up 150 kilograms of the mineral, in order to obtain enough of 
the new metals to serve for the investigation of their com- 
pounds. 

The following extract from Bunsen and Kirchhoff’s second 
memoir on Spectrum Analysis ^ gives a clear idea of the 
method by which the presence of the two new metals was first 
detected : 

“ If a drop of the mother-liquor of the Diirkheim water be 
brought into the flame of the spectrum apparatus, the character- 
istic lines of sodium, potassium, lithium, calcium, and strontium 
are at once seen. If the lime, strontia, and magnesia be sepa- 
rated according to well-known processes, and if the residual 
alkali bases in the form of nitrates be washed out with 
alcohol, and the lithium removed as completely as possible by 
precipitation witli carbonate of ammonium, a mother-liquor is 
obtained which in the spectrum apparatus shows the lines of 
sodium, potassium, and lithium, but, besides these, two splendid 
blue lines situated close together, and almost coinciding with 
the blue strontium line Sr3. As no known elementary body 
produces two blue lines in this portion of the spectrum, we may 
consider the existence of this hitherto unknown alkali element 
as thus placed beyond doubt. 

‘‘ The facility with which a few thousandths of a milligram of 
1 Pha. Mag,, 1861, [4], 22, 330. 
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this body may be recognised by the bright blue light of its 
incandescent vapour, even when mixed with large quantities of 
the more common alkalis, has induced us to propose for it the 
name Caesium (and the symbol Cs), derived from the Latin 
ccesius, used to designate the blue of the clear sky.^ 

‘‘ If Saxony lepidolite be treated by any of the known plans 
for separating the alkalis from the other constituents, and if 
the solution of the alkalis thus obtained be precipitated with 
dichloride of platinum, an abundant precipitate is formed, which, 
when examined in the spectrum apparatus, shows only the 
bright potassium lines. If this precipitate be repeatedly washed 
with boiling water, and the residual salt occasionally examined 
in the apparatus, two splendid violet lines, lying between the 
strontium line Sr3 and the blue potassium line K/9, will be 
noticed on the gradually fading continuous background of the 
potassium spectrum. These new lines increase in brilliancy as 
the \\ ashing is continued, and a number more appear in the red, 
yellow, and green portions of the spectrum. None of these lines 
belong to any previously known body. Amongst them are two 
\\hich arc especially remarkable as lying beyond Fraunhofer’s 
line A and the potassium line Ka coincident with it, and therefore 
situated in the outermost portion of the red solar rays. Hence 
we propose for this new metal the name Ruhidnim (and the 
symbol Rb), from the Latin rubidus, which was used to express 
the darkest red colour.” ^ 

Since this discovery, rubidium has been shown to be widely 
distributed (see also p. 171), generally accompanying the other 
alkalis, but in very minute quantities. Rubidium occurs in 
many minerals, such as lepidolite and triphylite, in Vesuvian 
leucite, in the porphyrites of the Palatinate, in mica, in 
Stassfurt carnallite,^ and in orthoclase. It is also present in 
nearly all iron ores, except red haematite, in many meteorites 
and in some aluminous minerals, such as bauxite and 
shale.^ 

The following is the analysis of the lepidolite from Rozena in 

^ Aulua Gellius in his Xoctes Atticce, li., 20, quotes Nigidius Figulus as 
follows : “ Nostris autem vetenbus cassia dicta est, quas a Gra'cis yXauKwvis ut 
Nigidiua ait, do coloro cadi quasi coelia.” 

'** Aulua Gclliua, Noctes Atticoe, ii , 26. “ Rubidus autem est rufus atrior et 

nigriore multo must us.” 

* Feit and Kubierschky, Chein. Zett., 1892, 16, 336. 

* Hartley and Ramage, Joimi. Chem, Soc., 1897, 71, 633, 647; Sci\ Proc, 
Roy, Dublin Soc., 1898, N.S., 8, 703. 
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Moravia in which Kirchhoff and Bunsen first discovered 
rubidium : 

SiO,. AI 2 O 3 . FeaOa. CaO. MgO. RbjO. CsjO. Li,0. LiF. 

50-32 28-54 0-73 1-01 0-51 0-24 trace 0-70 0-99 

NaF. KF. HjO. 

1-77 12-06 3-12 

A large number of brine springs and mineral waters also 
contain this alkali. Thus the hot springs of the Ungemach 
contain in one litre 1-3 milligrams of chloride of rubidium 
(Bunsen); the mineral water of Bourbonnc-les-Bains contains 
18-7 milligrams of the same salt, and 32*5 milligrams of csesium 
chloride. 

The celebrated waters of Ems, Kissingen, Nauheim, Selters, 
Vichy, Wildbad-G ostein, and many others contain rubidium, and 
some of them also cspsium compounds. Rubidium has been 
found in sea-weed and in sea-water (Sonstadt),^ and also in 
the mother-liquors (bitterns) from the salterns of Villefranche 
(Grandeau). Rubidium salts are also widely met with in the 
vegetable kingdom. Beet-root takes up these salts from the soil, 
and in the saline residue obtained by calcining the fermented 
molasses considerable quantities of rubidium salts are contained. 
Thus 100 parts of the saline residue contain 0-18 part of 
chloride of rubidium (Grandeau). It has also been found in 
samples of tobacco grown in the most distant quarters of the 
globe —such as Algiers, Havana, Kentucky, France, and Mace- 
donia. Rubidium likewise occurs in several kinds of coffee 
and tea (Grandeau) : in the ash of the oak, Quercus pibescens, 
in that of beech trees grown on a basaltic soil, in crude 
cream of tartar, and in potashes from various sources. 
Plants cannot, however,, absorb rubidium salts in place of 
potassium salts, and they die if these latter are not present 
(Lucanus). 

Mode of Preparation of Rubidium Compounds . — According to 
Bunsen, the best source of rubidium is the saline residue left 
from the preparation of lithium salts from Saxon lepidolitc. 
This consists of the chlorides of sodium, potassium, and lithium, 
and traces of the chlorides of caDsium and rubidium. The 
separation of these metals is based upon the fact that their 
chlorides form double chlorides with platinic chloride, which 
are more insoluble than the corresponding potassium double 

1 Chem, News, 1870, 22, 25, 44. 
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chloride. One kilogram of the saline mixture is dissolved in 
2-5 kilograms of water, and the cold liquid precipitated by a 
solution of thirty grams of platinum in aqua regia. The pre- 
cipitate, having settled down, is collected, and boiled twenty-five 
times successively with small quantities of water, in all about 
1*5 kilograms, the liquid in each case being added to the solution 
of the original salt. A fresh precipitate is then formed, this 
is again washed and treated as the first, and when the above 
series of operations has been repeated seven or eight times 
the rubidium is found to be nearly all extracted. Each of the 
platinum precipitates is then dried, the platinum reduced by 
hydrogen, and the alkali chlorides dissolved in water. In 
this way 125 grams of rubidium chloride are obtained, con- 
taining three or four per cent, of chloride of potassium, and a 
little chloride of caesium. By a repetition of the precipitation 
and washing of the platinichloride this quantity of potassium 
impurity can be so completely removed that the well-known red 
potassium line (Ka) is not seen with a spectroscope when some 
of the salt is held in the flame (Bunsen). 

Another method consists in decomposing lepidolite with 
sulphuric acid, recrystallising the alums of potassium, caesium, 
and rubidium which are formed, decomposing by baryta, treating 
the alkaline solution with carbon dioxide and converting into 
the oxalates. These salts are then fractionally crystallised, the 
potassium salt being the least soluble.^ Lepidolite may also be 
decomposed by heating with sulphuric acid and calcium fluoride 
and the alkalis separated by crystallisation of the alums.^ 

The most important source for the preparation of rubidium 
salts is the mother-liquor left over in the manufacture of 
potassium chloride from carnallite, which contains rubidium 
carnallite, RbC^MgClg; by the addition of aluminium sulphate 
the alum is produced, and by fractional crystallisation the pure 
rubidium compound can be obtained. The solubilities of the 
alums (in grams per 100 grams of water) are as follows : 

Potash Alum. Rubidium Alum. Caesium Alum. 

13-5 2-27 0-619 

Numerous other methods for the separation of rubidium and 
caesium from potassium have been proposed; amongst these 
may be mentioned precipitation with stannic chloride,® which 

* Formdnck, Oesterr, Chem, ZeiL, 1899, 2, 309. 

* Browning and Spehcer, Amer. J. Set., 1916, [4], 42, 279. 

’ Feit and Kubierschky, Chem» Zeit,, 1892, 16f 335. 
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converts them into the sparingly soluble stannic chlorides 
2RbCl,SnCl4 and 2CsCl,SnCl4; conversion into the alums, both 
of which are only slightly soluble in water, and still less soluble in a 
solution of potash alum^; and conversion into the dichloro- 
iodides, which are much less soluble than the corresponding 
potassium compounds.® 

To separate rubidium from caesium, advantage is taken of the 
different solubilities of the sparingly soluble salts of the two 
metals. The platinichlorides do not give good results, but the 
alums, Rb2Al2(S04)4,24H20 and Cs2Al2(S04)4,24H20, have 
been successfully employed, the former being about four times 
as soluble as the latter.® The hydrogen tartrates, RbnC4n40g 
and CSHC4H4O4, may also be used, the latter being the more 
soluble,^ and the chlorides may be precipitated by hydrogen 
chloride, the caesium salt being the more soluble (Archibald). 

The best method of separation is that of Godeffroy, which 
consists in the addition of antimony trichloride to a solution of 
the chlorides in concentrated hydrochloric acid, when the double 
caesium antimony chloride, 3CsCl,2SbCl3, is precipitated, but 
not the rubidium salt.® This method is well adapted for obtain- 
ing pure caesium salts, but not for removing the last traces of 
caesium from rubidium salts. 

182 Metallic rubidium is prepared in an analogous manner 
to potassium by heating a mixture of the carbonate and 
charcoal (obtained by the ignition of the hydrogen tartrate) to 
whiteness in an iron tube, and is also obtained by heating the 
carbonate or hydroxide with magnesium,® the hydroxide with 
aluminium, rubidium aluminate being then also formed,'^ or the 
chloride with metallic calcium.® 

It is a silver-white metal of specific gravity 1*525 at 0"^,® which 
at — 10° is still soft and wax-like, melts at 38*5°, boils at 69G° 
(Ruff and Johannsen), and emits at incipient redness a blue 

^ Redtenbacher, J. pr, Chem., 1865, 94 , 442; Sctterberg, Annahiiy 1882, 
211 , 100 . 

* Wells, Amer. Chem. J., 1901, 26 , 265; Archibald, Journ. Chem. Soc , 
1904, 85, 776. 

* Redtenbacher, loc, cit. ; Godeffroy, AnnaUnj 1876, 181 , 176. 

* AUen, Amer. J. Set., 1862, [2], 34 , 367. 

® Ber., 1874, 7 , 375; 1895, 8 , 9; Anmlen, 1876, 181 , 176; Muthmann, Bcr., 
1894, 26 , 1019, 1425. 

* Ber., 1890, 23 , 51 ; Erdmann and Kothner, Annalen, 1896, 294 , 55. 

’ Beketoff, J. Buss. Chem. Phys. Soc., 1888, 363. 

* Hackspill, Compt. rend., 1905, 141 , 106. * 

* Hackspill, Ann. Chim, Phys., 1913, [8], 28, 613. 
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coloured vapour. Like potassium, it appears to form an 
explosive compound with carbon monoxide. When thrown on 
water rubidium burns like potassium. 


COMPOUNDS OF RUBIDIUM. 

183 The compounds as a rule present the greatest 
similarity to those of potassium and ammonium, and are 
isomorphous with them (see p. 230). 

Rubidium Oxides, — Rubidium monoxide^ RbgO, is obtained by 
partial oxidation of the metal and subsequent distillation of the 
excess of rubidium. It forms light yellow, transparent crystals, 
which melt at 250^ and reaofc vigorously with water. The 
peroxide, Rb 2 () 2 , is obtained by heating rubidium in excess of 
oxygen ; it is a light-yellow, crystalline body. When rubidium 
is heated for a long time in excess of oxygen, the tetroxide, 
Rb 204 , is produced. It is a yellowish-brown, crystalline 
substance, which melts between 600® and 650® when heated in 
oxygen. When heated in a vacuum to 600® oxygen is given off, 
and a blackish mass, the trioxide, RbgOg, is left behind. RbgOg 
and Rb 204 can also be obtained by the action of oxygen on 
rubidium dissolved in liquid ammonia at — 50®.^ 

Rubidium Hydroxide, RbOII, is best prepared by adding 
baryta water to a solution of rubidium sulphate. It forms a 
greyish-white, deliquescent mass, melts at a red heat, and is 
volatile in the flame of a Bunsen burner. It is a stronger base 
than potassium hydroxide. 

Rubidium Hydride, Rbll, forms colourless, prismatic needles 
of sp. gr. 2, which decompose below 300° in vacuo,^ 

Rubidium Chloride, RbCl. — Rubidium takes fire in chlorine 
gas, burning with a bright light. The salt crystallises in glittering 
cubes which melt at 710®. One hundred parts of water dissolve 
84*4 parts of the salt at 10®, and 138*9 parts at 100®. 

The bromide and iodide are very similar to the corresponding 
potassium salts. The latter reacts with liquid sulphur dioxide 
to form a crystalline sulphone, Rbl 3 , 3 S 02 .® 

The rubidium halides unite with a large number of metallic 
chlorides, forming double salts which for the most part crystallise 

^ Rcngade, Compt. rend., 1906, 142 , 1633; 1907, 145 , 236; Ann. Chim, 
Phys., 1907, 11 , 348. 

* Moissan, Compt. rend., 1903, 136 , 687. 

* De Forcrand and Taboury, Compt. rend., 1919, 168 , 1263; 169 , 162. 
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well. Rubidium also forms compounds with a larger number 
of halogen atoms much more readily than potassium, the com- 
pounds being also more stable. The following are known, and 
are all crystalline : RbBrg, RbClBr2, RbClgBr, Rbig, RbBrgI, 
RbClgl, RbClBrl, RbClJ.^ The solid polyiodides, Rbly and 
Rbig, exist at 25^^, but have not been prepared pure.^ 

Rubidium Chlorate, RbClOg, is obtained by the double 
decomposition of rubidium sulphate and barium chlorate. It 
crystallises in small prisms which taste like potassium chlorate 
and of which 2-8 parts dissolve in 100 parts of water at 4*7° 
and 5*1 parts at 19°. 

Rubidium Perchlorate, RbC104, is a granular powder con- 
sisting of glittering microscopic crystals belonging to the rhombic 
system. When heated below redness it decomposes into rubidium 
chloride and oxygen. One hundred parts of water dissolve 1*085 
parts of the salt at 21*3°. 

Rubidium Sulphides,^ — The monosulphide, Rb2,S,4H20, is 
obtained by the action of hydrogen sulphide on a solut on of 
the hydroxide, and precipitation with alcohol. The tetrasuljdiide, 
Rb2S4,2H20, is obtained by adding the calculated quantity of 
sulphur to a solution of the monosulphide. When an excess 
of sulphur is added to a solution of the monosulphide, and the 
mixture is heated in an atmosphere of hydrogen, the penta- 
suljjhide, RbgSg, is produced. The pentasulphide when heated 
in an atmosphere of nitrogen is converted into the tnsulphide, 
Rb2S3, but when heated in an atmosphere of hydrogen the 
disulphide is formed. 

Normal Rubidium Sulphate, Rb2S04, forms large rhombic 
crystals which taste like potassium sulphate. One hundred 
parts of water dissolve 42*6 parts at 10°, and 81*8 at 100°. 

Rubidium Selenate, Rb2Se04, has the density 3*9 : 100 parts 
of water dissolve 158*9 parts of the salt at 12° (Tutton). 

Rubtdamide, RbNHg, is formed by the action of rubidium on 
liquid ammonia, and by reaction with sodamide in that solvent 
forms mono- and di-rubidium ammonosodiates, Rb[Na(NH2)2], 
and Rb2[Na(NH2)3].^ 

Rubidium Nitrate, RbNOg, crystallises in needles or prisms, 

1 Amer. J. Sci, [3], 1892, 43, 475; 44, 42; 1893, 46, 88, 269; Amcr. Chem. 
t/., 1896, 18, 847; Zeit. phystkal. Chem , 1899, 28, 523. 

* Abegg, Zett. anorg. Chem., 1906, 50, 403. 

® Blitz and Wilke-Dorfurt, Ber., 1905, 38, 123; Zext. anorg. Chem., 1906> 
50,67. 

* Franklin, J. Physical Chem., 1919, 23, 36. 
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and is very soluble in water, 100 parts of which dissolve, at 0^, 
19*5, and at 100°, 452 parts. It is distinguished from nitre by 
readily dissolving in concentrated nitric acid. 

Rubidium Carbonate^ EbgCOa. — The normal salt is obtained 
by decomposing the sulphate with baryta water and evaporating 
the filtrate with ammonium carbonate. It is a deliquescent 
powder which is very soluble in water. If the solution of this 
salt be saturated with carbon dioxide and evaporated over 
sulphuric acid, glittering prisms of the acid salt, HRbC03, are 
obtained; these have a cooling taste, and are easily soluble in 
water. 


Detection and Estimation of Rubidium. 

184 The rubidium salts when brought into the non-luminous 
gas flame impart to it a tint of a rather more red shade than 
is produced by the potassium salts. 

The flame spectrum (p. 158) exhibits two characteristic lines 
in the violet Rba (4202) and Rb/S (4216). These are the most 
valuable as the means of recognising the rubidium salts. Two 
other rubidium lines, Rb8 (7950) and Rby (7799), are seen at 
the red end of the spectrum ; they are both less refrangible than 
the red potassium lines. Besides these several other charac- 
teristic lines occur. The spectrum reaction for rubidium is so 
delicate that 0*002 mgrm. can be readily detected (Bunsen), and 
the method may be adapted for the approximate estimation of 
small amounts of rubidium in presence of potassium.^ 

Rubidium can be estimated in the same way as potassium 
either by precipitation as the platinichloride or the perchlorate.^ 
Bunsen determined the atomic weight of the metal by pre- 
cipitating the pure chloride by silver nitrate. He found as 
a mean result the number 84*8 for the atomic weight of 
rubidium. Grandeau obtained a closely corresponding number 
by the analysis of the sulphate, the same number being also 
found by Godeffroy, whilst Archibald by the analysis of the 
bromide found the number 84*841 (H= 1); 85*485 (0= 16).^ 
The value at present accepted (1922) is 85*45. 

1 Wilke-Dorfurt, Zeif. anorg. Chem., 1912, 75, 132. 

2 Sco also Gazz., 1903, 33, [2], 189. 

* Journ. Chem. Soc., 1904, 85, 776. 
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CiESIUM. Cs =* 132 - 81 . At. No. 55 . 

185 This metal is remarkable not only as having been the first 
one discovered by spectrum analysis, but also because even 
before Bunsen’s discovery of this metal, chemists had investi- 
gated certain caesium compounds, which, however, they had 
mistaken for potassium salts. Thus, in the year 1846, Plattner 
analysed a rare mineral found in the island of Elba and termed 
pollux,^ with the result given in column I. 



I. 

II. 

Silica 

.... 46-20 

44-03 

Alumina .... 

. . . 16-39 

15-97 

Feme oxide 

0-86 

0-68 

Potash . . . . 

. . 16-51 

— 

Soda ... 

. . 10-47 

3-88 

Water 

. . . 2-32 

2-40 

Lime ... 

— 

0-68 

Csesia ... ... 

. . . . 

34-07 


92-75 

101-71 


Plattner, being a careful experimentalist, sought for an expla- 
nation of the fact that his analysis did not add up to 100 parts, 
although he searched in vain for all other constituents. The 
explanation of the enigma was given by the discovery of 
caesium, for Pisani,^ in the year 1864, found on analysis of 
another sample of the same mineral that the alkali which 
Plattner had mistaken for potassium was in reality caesium. His 
analysis is given in column II. 

If now we calculate the quantity of caesium oxide correspond- 
ing to the amount of potash found by Plattner as the platinum 
double salt, we obtain the number 35-69; if next we subtract 
the weight of the chloride of caesium thus found from the weight 
of the mixed chlorides of caesium and sodium as found by 
Plattner, we obtain the number 1-72 as the amount of soda 
present. These numbers correspond satisfactorily with Pisani’s 
results, especially when we remember that the quantity of 
mineral analysed by Plattner was very small. Both analyses, 
therefore, lead to the following formula for pollux : 

lOSiOg + 5(Cs20,Na20,Ca0) + 2 (Al 203 ,Fe 203 ) + 2 H 2 O. 

^ Pogg. Ann,y 1845, 99, 44.3. * Compt. rend., 1865, 60, 714. 
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The mineral pollux, or poUucite, is the best source of cassium, 
which may be extracted from it by treatment with hydrochloric 
acid and purified by recrystallisation of the alum.^ 

It has already been mentioned under rubidium that cassium 
occurs generally together with this and the other alkali metals. 
Caesium alone is found in the mineral waters of Frankhausen, 
of Monte Latino in Tuscany, as well as in the Wheal Clifford 
Spring, one litre of this latter water containing L71 mgrms. of 
caesium chloride (Yorke). It is a remarkable fact that plants do 
not take up any caesium compounds from the soil, and in absence 
of potassium compounds caesium acts as a poison upon vegetable 
life (Lucanus). The sources from which caesium is derived, and 
its separation from other metals and finally from rubidium, 
have already been described under the latter metal. Caesium 
was obtained by Setterberg by the electrolysis of a mixture 
of caesium and barium cyanides, and by Beketoff by heating 
caesium hydroxide with aluminium to a bright red heat in a 
nickel retort. It can also be prepared by heating the carbonate - 
or hydrate ® with magnesium, or the chloride with calcium ^ 
in a vacuum. The metal is of silver-white colour, takes fire 
when heated in the air, melts at 26*4°, boils at G70° (Ruff and 
Johannsen), and has a specific gravity of 1*903 at 0°.^ When 
exposed to the air it gradually melts and takes fire, and when 
thrown into water it remains on the surface and burns with a 
reddish-violet flame (Graefe and Eckardt). In the presence 
of mercury an amalgam is formed which is more electro-positive 
than rubidium amalgam, and hence metallic caesium is the most 
electro-positive of the metals. 


COMPOUNDS OF CiESIUM. 

1 86 The caesium compounds are isomorphous with those of 
potassium, rubidium, and ammonium (p. 230). They colour the 
flame a still more reddish tint than do the salts of rubidium. 

C cesium Monoxide, CsgO, may be obtained by exposing caesium 
to an insufficient amount of oxygen in a silver boat, exhausting 

^ Browning and Spencer, Amer, J. Sci,, 1916 , [ 4 ], 42, 279 . 

^ Erdmann and Monke, J. Amer. Cliem. Soc., 1899 , 21, 259 . 

® CJroefo and Eckardt, Zeit. anorg. Chem., 1899 , 22, 158 . 

* Hackspill, Compt. rend., 1905 , 141, 106 . 

® Hackspill, Ann. Chim. Phys., 1913 , [ 8 ], 28, 613 ; see also Setterberg, 
Annalen, 1882 , 211, 100 ; Eckardt and Graefe, Ze\t. anorg, Chem., 1900 , 23, 
378 ; Menke, J. Amer. Chem. Soc., 1899 , 21, 420 . 
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the apparatus and distilling off the excess of metah^ It forms 
orange-red crystals, which become darker when heated and 
melt at 450-500° and then lose caesium, forming a higher oxide. 
It absorbs water and carbon dioxide from the air, and is rendered 
incandescent by the addition of water, a colourless solution of 
the hydroxide being produced. 

C cesium Hydroxidey CsOH, is obtained by a process similar 
to that by which rubidium hydroxide is prepared, and resembles 
it closely ; it is the strongest of all bases. 

Peroxides of Ccesium. — ^\Vhen molten caesium is exposed to 
oxygen and the mass heated to 300-350°, the peroxide, CsOg, 
is formed as a yellow crystalline powder, which readily 
dissociates when further heated and is decomposed by water 
with formation of caesium hydroxide and hydrogen peroxide, 
and evolution of oxygen. This oxide is also formed by the 
action of oxygen on caesium dissolved in liquid ammonia, the 
oxides CS2O2 and CS2O3 being intermediate products.^ 

CcBsium Chloride, CsCl, crystallises in small cubes of sp. gr. 
3*972, which melt at a dull red heat, and volatilise even more 
readily than potassium chloride. It deliquesces in moist air; 
100 parts of water dissolve 174*7 parts of the salt at 10°. The 
bromide, sp. gr. 4*38, and iodide are similar to the corresponding 
potassium salts, and the latter forms a sulphone, Csl3,3S02, 
with liquid sulphur dioxide, analogous to those of sodium and 
rubidium. Like the rubidium halides, the caesium derivatives 
form a very large number of well-crystallised double salts with 
other metallic halides. A number of polyhalide salts are also 
known, most of which are crystalline; among these may be 
mentioned CsBr3, CsBrg, CSI3, and CsClJ (Wells, Penfield, and 
Wheeler). The polyiodide, Csl0, exists at 25°, but has not been 
isolated (Abegg). 

CcBsium Sulphides, — Caesium forms the same series of sulphides 
as rubidium, and their preparation is similar. The pentasulphide 
melts at 202°. 

Normal Caesium Sulphate, CS2SO4, forms short, hard, prismatic 
crystals of sp. gr. 4*24, insoluble in alcohol, though readily soluble 
in water. The acid salt, CsHSO^, crystallises in rhombic prisms. 

Caesium Selenate, 0838004, has the sp. gr. 4*4528 ; 100 parts of 
water dissolve 244*8 parts of the salt at 12°.® 

^ Rengade, CompL rend,, 1906, 148 , 592. 

^ Ibid,, 1905, 140 , 1183; 1906, 148 , 1149; Zeit. anorg, Chem., 1906, 
60 , 67. 

• Tutton, Joum, Chem, Soc,, 1897, 71, 846. 



AMMONIUM COMPOUNDS 


389 


CcBsium Nitrate, CsNO^, crystallises in small glittering prisms 
which possess the cooling taste of saltpetre, and are slightly 
soluble in alcohol. One hundred parts of water at 3*2'’ dissolve 
10-58 parts of this salt. It has the sp. gr. 3-687, and melts at 414°. 

Normal Ccesinm Carbonate, CsgCOg. — This salt separates out 
from a syrupy solution in the form of ill-defmed hydrated 
deliquescent crystals. They melt on heating, leaving a residue 
of the anhydrous salt as a sandy powder. It is soluble in absolute 
alcohol. One hundred parts of alcohol dissolve at 19°, IM, 
and at the boiling point, 20- 1 parts of the anhydrous salt. The acid 
salt, CsHCOg, crystallises from aqueous solution in large prisms. 

CcDsiitm Hydride} CsH, and Ccesium Amide, ^ CsNIIg, closely 
resemble the corresponding potassium compounds. 


Detection and Estimation of Caesium. 

The spectrum of caesium contains, in addition to the two 
characteristic bright blue lines, Csa and Cs/? (4555 and 4593), 
several other less distinct lines. 

The atomic weight of caesium has been ascertained by the 
analysis of the halogen salts by means of silver nitrate. 
Johnson and Allen as well as Bunsen thus obtained the number 
132-0, whilst Godellroy obtained the number 131-6. 

Richards and Archibald ^ by the analysis of the chloride and 
bromide, and by heating the nitrate with silica, have obtained 
the value 131-874 (H == 1), 132-879 (0 = 16). The material 
enq^loyed was purified by recrystallisation of the dichloroiodide, 
CsClgl. The value at present accepted (1922) is 132-81. 


AMMONIUM COMPOUNDS. 

187 The name volatile alkali was long ago given to ammonia 
as pointing out its similarity to the fixed alkalis potash and soda. 
In 1808, Seebeck made the interesting discovery that when 
mercury is brought into a strong aqueous solution of ammonia, 
and an electric current passed through it, the metal increases 
rapidly in bulk, giving rise to an amalgam-like mass. The 
same observation was made almost simultaneously by Berzelius 
and Pontin, whilst Davy, as soon as he was informed of the fact. 

^ Moissan, Compt, rend., 1903, 136, 687. 

* Rengade, Compt. rend., 1906, 140, 1636. 

^^Zeit.^aru>rg, Chem,, 1903, 34, 363. 
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repeated the experiment and discovered that a piece of sal- 
ammoniac moistened with water might be employed instead of 
aqueous ammonia. Davy also noticed that the same amalgam- 
like mass is formed when an amalgam of potassium is thrown 
into a concentrated solution of sal-ammoniac. Hence he, like 
Berzelius, concluded that ammonia must contain oxygen, and 
that in this experiment it, like potash and soda, had been 
reduced by the electricity to a metal-like body. To this metal- 
like substance, which was supposed to exist in this amalgam, 
they gave the name of amnionium. This view of the constitu- 
tion of the ammonium compounds was objected to by Gay- 
Lussac and Thenard, who, from their observation that the 
amalgam undergoes rapid spontaneous decomposition into 
mercury, ammonia, and hydrogen gas, concluded that the 
formation of the amalgam is due to a combination of the 
ammonia with hydrogen. Arguing from analogy, the French 
philosophers were inclined to believe that in like manner 
potassium and sodium could not be considered to be true 
metals, but were rather the hydrogen compounds of the 
alkalis. In reply to these objections, Davy and Berzelius showed 
that the hydrogen which was evolved might arise from the decom- 
posing action of the metallic ammonium upon the water which 
adhered to it, in the same way as hydrogen is evolved when 
sodium and potassium are thrown into water, Berzelius con- 
tinued for many years to hold the view that oxygen is contained 
in ammonia, and he explained the fact that this element could 
not be detected in the ammonia, by assuming that nitrogen 
itself is an oxide of an element hitherto not isolated, to which 
he gave the name of nitricum. 

Ampere was the first, in the year 1816, to endeavour to explain 
the analogy of the ammoniacal salts with those of the fixed 
alkalis. He showed that the differences in composition between 
the salts of a fixed and those of the volatile alkali disappear when 
we assume that, in the latter class of salts, a compound radical 
exists composed of one volume of nitrogen to four volumes of 
hydrogen, so that sal-ammoniac or hydrochloride of ammonia 
may be regarded as the chloride of the metal-like substance to 
which the name of ammonium had been given. In 1820 Ber- 
zelius gave up his old view, and accepted the ammonium theory. 
He showed that aqueous ammonia must be regarded as a solution 
of ammonium oxide, and assumed that when anhydrous ammonia 
unites with a hydrogen acid (a substance to which we now give 
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the simple name of acid) the ammonia combines with the 
hydrogen of the acid to form the metal-like radical ammonium, 
and that this becomes an oxide by union with the oxygen of the 
water. 

According to our present views, the ammonium salts are 
considered as being derived from acids by the replacement of 
their hydrogen by the radical ammonium, NH 4 . These salts 
are isomorphous with the salts of potassium, rubidium, and 
caesium, and exhibit a close analogy with them (p, 230). 

Ammonium Amalgam , — This substance, as has already been 
mentioned, is formed when a piece of moistened sal-ammoniac 
is laid in a platinum basin, a small quantity of mercury 
poured upon it, and this brought in contact with the negative 
pole of an electric battery, the positive pole being con- 
nected with the platinum basin. It may be obtained still more 
readily by throwing sodium amalgam containing 1 per cent, of 
sodium into a concentrated solution of sal-ammoniac. The 
mercury increases in bulk to upwards of twenty times its 
original volume, and then contains from 0*6 to 0*9 per cent, of 
its weight of ammonium. It is also produced by the action of 
sodium amalgam on ammonium chloride dissolved in liquid 
ammonia at — ■ 35°.^ This amalgam forms, at the ordinary 
temperature, a light, soft, buttery mass which at 80° becomes 
a very hard metallic mass, and begins to liquefy at — 40°, and 
decomposes, even at — 29°, with evolution of two volumes of 
ammonia and one volume of hydrogen. 

The nature of this remarkable substance has been the 
subject of much discussion. Some chemists have supposed 
that it must be regarded merely as a solution of ammonia and 
hydrogen in mercury, or as a metallic froth. Against this view, 
however, it is to be remembered that neither of these gases, 
either alone or when mixed together, dissolves at all in mercury. 
Others again support the view that ammonium amalgam 
is a true amalgam containing the metallic radical ammonium. 
Ammonium amalgam differs, however, from the amalgams of 
the alkali metals, inasmuch as it does not reduce the salts of 
silver and copper at the ordinary temperature, ^ and this fact 
was for long considered to be strong evidence against this 
opinion. It has, however, been found that at 0° this reduc- 
tion readily occurs, and that the amalgam is even capable 

1 Moissan, Compt. rend,, 1901, 133, 803. 

^ Landolt, Annalen, 1868, SuppL, 6, 342. 
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of reducing the salts of cadmium and zinc.^ The view that 
ammonium amalgam is in reality analogous to the amalgams 
of sodium and potassium is confirmed by the fact that the 
depression of the freezing point of mercury produced by the 
presence of the ammonium is similar to that produced by sodium 
or potassium.^ Moreover, the effect of the amalgam on the 
magnitude of polarisation of a battery is comparable with that 
of the amalgams of the alkali metals.® 

When ammonium amalgam decomposes, it appears to give off 
positively charged ions, the nature of which is unknown.^ 

All efforts to isolate the radical ammonium, either from 
the amalgam or from the salts, have hitherto failed. It does 
not appear to be produced by the electrolysis of ammonium 
iodide in liquid ammonia at— 95° nor is it formed in various 
reactions, such as the interaction of calcium with ammonium 
chloride at a low temperature in presence of liquid ammonia.® 
In all these cases ammonia and hydrogen are the products and 
hence it is probable that “ ammonium can only exist, if at all, 
at very low temperatures. 

Poidssammonhm and Sodammonium, — When metallic 
potassium or sodium is added to liquid ammonia, a blue solution 
is formed which on evaporation leaves a copper-coloured mass 
of the composition NHgK or NHgNa. 

Similar substances are formed by lithium, rubidium, caesium, 
calcium, strontium, and barium.’ They are also formed when 
ammonia is passed over these metals, and for each metal 
there is a limit of temperature above which the change does 
not occur. It has hitherto been supposed that these substances 
are compounds of ammonia with the metals in question, but the 
experiments of Ruff and Geisel ® show that in all probability the 
change consists simply in the formation of a solution of the 
metal in ammonia, the copper-coloured residue being composed 
of the solid metal and its saturated solution, which can be 
separated by filtration through a cloth under pressure. 

^ Coehn, Zeit. anorg, Chem., 1900, 25, 430. 

* Rich and Travers, Joum. Chem, Soc,, 1906, 89, 872. 

® Le Blanc, Zeit, pht/aikal. Chem., 1890, 5, 467. 

Coehn, Chem. Centr., 1906, li., 409; Zeit. Elektrochem., 1906, 12, 609. 

« Ruff, Ber., 1901, 34, 2604. 

• Moissan, Compt. rend., 1901, 133, 716, 771. 

’ Joannis, Ann. Chim. Phya., 1906 [8], 7, 6; Rooderer, Compt. rend., 1905, 
140, 1252; Moissan, Compt. rend., 1892, 127, 685; 1901,4^, 716; 1903, 
138, 1177. 

« Ber., 1906, 39, 828. 
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All the solutions of the metals in ammonia gradually decom- 
pose, forming the amide of the metal and free hydrogen; 
platinised asbestos much accelerates the change. 

The metals in this form are extremely reactive, and these 
solutions have been employed in the preparation of many 
metallic compounds. 

Ammonium Peroxide . — ^A crystalline compound of the com- 
position (NH4)202,H202, melting at 14 °, is formed when an 
ethereal solution of hydrogen peroxide is saturated with ammonia 
at — 10°. It decomposes slowly at this temperature into 
ammonia and hydrogen peroxide, but at the ordinary temperature 
yields ammonia, water, and oxygen, a small amount of ammonium 
nitrite being also formed.^ 

By the continued action of ammonia on ethereal hydrogen 
peroxide at — 40 ° a heavy oily layer separates which freezes to 
solid crystalline ammonium peroxide, (NH4)202 melting at 
— 2° and readily losing ammonia even at —10°.^ 


Ammonium and the Halogens. 

1 88 Ammonium Fluoride, NH4F, is obtained by saturating 
hydrofluoric acid with ammonia. The commercial hydrofluoric 
acid, however, generally contains lead and other metals which 
must be previously removed by the addition of a small quantity 
of ammonium carbonate and sulphide. The clear acid liquid is 
saturated with solid ammonium carbonate and then evaporated 
in a platinum basin, ammonium carbonate being added at 
intervals to prevent the formation of the acid fluoride. Am- 
monium fluoride crystallises in hexagonal tablets or prisms. 
It has a sharp saline taste and deliquesces in moist air, is more 
easily soluble in water than sal-ammoniac, and decomposes 
at the ordinary temperature when in the moist state. It decom- 
poses silicates on being heated with them, with evolution of silicon 
tetrafluoride, and hence it is largely used in mineral analysis 
and for etching upon glass. This may be readily accomplished 
by allowing a solution of the salt to dry upon the place which 
it is desired to etch. It cannot be preserved in glass bottles, 
but must be kept in vessels either of platinum, silver, or gutta- 
percha. 

^ Molikoff and Pissarjewsky, Ber„ 1897, 30, 3144; 1898, 31, 162, 446. 
a D’Ans and Wodig, Ber., 1913, 46 , 3076. 
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By the action of dry ammonium fluoride on sulphuric acid 
containing about 70% of sulphur trioxide, ammmium jluoro- 
sulphonatey NH4SO3F, is produced, as a crystalline salt melting at 
245^1 

Hydrogen Ammmiitnn Fluoride , NH4F,HF, is formed when a 
solution of the normal salt is evaporated at a temperature of 
about 40°. It crystallises in colourless rhombic prisms which 
deliquesce slightly in the air and on heating evolve highly 
irritating and acrid fumes. 

Ammonium Chloridey NH4CI. — The history of this salt, well 
known under the name of sal-ammoniac, has already been given 
in Vol. I., p. 604. It is foimd in the fumeroles of Vesuvius, Etna, 
Hecla, and other volcanoes, as well as in the cracks and fissures 
in recent lava streams. Its formation has also been observed 
when large masses of coal undergo combustion, as when a coal 
pit is on fire. The salt has also been observed in guano from 
the Cliincha Islands. 

Sal-ammoniac originally served as the source from which all 
the ammoniacal salts were prepared. At present, however, these 
are usually obtained from ammonium sulphate, which is prepared 
from the ammoniacal liquor of the gasworks on an enormous 
scale. For the manufacture of the chloride, gas liquor is 
sometimes distilled with lime in the manner described imder 
ammoniimi sulphate, and the ammonia evolved absorbed in 
hydrochloric acid of sp. gr, 1-1 contained in a stone saturator. 
More usually now, a cnide fairly concentrated liquor ammoiuce 
is first prepared by the distillation of gas-liquor, as described in 
Vol. I., p. 511, and then neutralised with hydrochloric acid, or a 
solution of ammonium sulphate is boiled with the equivalent 
quantity of sodium chloride, when double decomposition takes 
place : 

(NIl4)2S04 + 2NaCl = 2NH4CI + Na,S04. 

The sodium sulphate separates first on concentration and is 
removed by “ fishing.” The solution of ammonium chloride 
obtained by any of these methods is then evaporated to the 
crystallisation point, and the crude product purified by recrys- 
tallisation or more frequently by sublimation. The vessel 
employed for this purpose consists of two parts. The lower 
one is either a semicircular earthenware vessel embedded in 
an iron one, or consists entirely of a cast-iron basin. The sal- 

^ Traube, Hoerenz, and Wunderlich, Ber., 1919, 52, [B], 1272. 
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ammoniac in the solid state is brought into this, and then a 
semicircular dome-like cover, either of earthenware, lead, or 
iron, is placed over it, and this is luted tight with clay. In 
the centre of the dome there is an opening which is left open 
during the sublimation. Pure sal-ammoniac is also obtained by 
employing the same apparatus, but, instead of the impure salt, 
a mixture of common salt, NaCl, and ammonium sulphate, 
(Nn 4 ) 2 S 04 , is heated, when sodium sulphate remains behind, 
sal-ammoniac subliming as before. 

Pure ammonium chloride is colourless and odourless and has 
a sharp saline taste. It crystallises from a saturated solution 
in arborescent or feather-like growths which consist of an aggre- 
gation of small regular octahedra, and other forms of the regular 



system (class 29, p. 209), so that the crystals appear to belong to 
the hexagonal or tetragonal system (Fig. 107). From a solution 
containing urea, sal-ammoniac crystallises in cubes. When the 
salt is sublimed, and the vapour quickly cooled, it is precipitated 
in the form of a light crystalline powder known as flowers of 
sal-ammoniac. The common sublimed sal-ammoniac is a semi- 
transparent, fibrous, crystalline mass, which is so tough that it 
is difficult to powder. For the purpose of obtaining it in a fine 
powder, a concentrated solution is evaporated down and con- 
stantly stirred. Ammonium chloride exists in two enantiotropic 
forms, the transition point being 184*5°.^ 

When sal-ammoniac dissolves in water a considerable reduc- 
tion of temperature takes place; 30 parts of salt dissolve in 300 
parts of water at 13*3°, and the temperature is reduced to ~ 5*1° 
(Riidorff). One hundred parts of water dissolve, at 0°, 29*7, at 

1 Wallace, Centr, Min., 1910, 33; Scheffer, Proc. K. Akad. Wetensch. 
Amsterdam, 1916, ISi 1498. 
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10°, 33*3, and at 110°, 83-8 parts of the salt; the boiling point 
of the saturated solution is 115-6°. 

Sal-ammoniac is very sparingly soluble in absolute alcohol, of 
which 100 parts dissolve 0*62 part of the salt at 19°. The 
specific gravity of sal-ammoniac is 1-52. 

The salt is slightly hydrolysed in aqueous solution,^ and 
when the solution is boiled, ammonia escapes in small quantity, 
the liquid, which is at first neutral to litmus, becoming slightly 
acid. It is not volatile at the ordinary temperature of the air, 
but at higher temperatures it evaporates completely, giving 
rise to a colourless vapour, w’^hich, according to Bineau, has the 
specific gravity 0*89, corresponding to a vapour density of 
13-345, whilst the molecular formula, NH4CI, requires a density 
of 26-69. From the fact of the abnormal density it has been 
argued that the sal-ammoniac vapour consists of a mixture 
of equal molecules of ammonia and hydrochloric acid. The 
truth of this supposition was first experimentally demonstrated 
by Pebal,^ who allowed the vapour of sal-ammoniac to diffuse 
into an atmosphere of hydrogen, when the lighter ammonia was 
found to diffuse out and the heavier hydrochloric acid to remain 
behind. Karl von Than^ then showed that if ammonia and 
hydrogen chloride be brought together at a temperature of 
upwards of 350°, at which point sal-ammoniac is gaseous, no 
change either of temperature or of the volume of the gases is 
observed, w^hereas if chemical union had taken place a change 
of both of these would naturally have been expected. Marignac ^ 
further observed that in the volatilisation of sal-ammoniac 
nearly the same amount of heat is absorbed as is evolved w^hen 
ammonia and hydrochloric acid combine. It has also been 
shown that under diminished pressure and in an atmosphere of 
ammonia the vapour density of ammonium chloride is 24*2- 
24-6, showing that under these conditions nearly the whole of 
the ammonium chloride volatilises without dissociation,® whilst 
if the ammonium chloride employed be absolutely dry it has the 
normal vapour density even under atmospheric pressure.® 

This fact of the dissociation of sal-ammoniac can be readily 
shown by igniting a small piece of the solid in a closed platinum 
crucible. On removing the lid after the salt has been volatilised, 

^ Velcy, Joum, Chem, Soc., 1906, 87, 26. * Annalen, 1862, 123, 199. 

« Annalen, 1864, 131, 129. * Compt rend., 1809, 68,877. 

® Neuberg, Ber., 1891, 24, 2543. 

« Baker, Joum. Chem. Soc., 1894, 65, 616. 
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and plunging a moistened piece of blue litmus paper into the 
crucible, the litmus paper will be turned bright red, proving 
the presence of free hydrochloric acid, the lighter ammonia 
having escaped. 

Sal-ammoniac is used in medicine. In former days that 
which came from Egypt was especially esteemed as a drug. 
Large quantities are used in the processes of dyeing, and workers 
in metal employ it in the processes of soldering and tinning, as 
at a high temperature it either reduces the metallic oxide or 
converts it into fusible chloride and thus gives rise to a bright 
metallic surface. It is also of value in the laboratory, both as a 
reagent and as a convenient source of ammonia. 

Ammonium Bromide, NH 4 Br, is very soluble in water, and 
crystallises in white cubes which taste like sal-ammoniac. Like 
the chloride, it exists in enantiotropic forms, the transition 
temperature being 

Ammonium Iodide, NH^T, is best obtained by saturating 
ammonia with hydriodic acid. It crystallises in colourless 
cubes readily soluble in water and in alcohol, and appears to exist 
in one form only.^ It deliquesces in moist air and gradually 
assumes a yellow colour due to the slow liberation of iodine. 

A dibromoiodide, NH 4 Br 2 T, analogous in composition to the 
rubidium trihalogen compounds, has been described.® 

Aimnonium Chlorate, NII4CIO3. — When ammonia is saturated 
with chloric acid and the solution evaporated, this salt crystal- 
lises out in small needles, which have a strongly acrid taste 
and are very soluble in water and shghtly soluble in absolute 
alcohol. Heated to 102° the salt decomposes (Wachter), chlorine, 
oxygen, nitrous oxide, and aqueous vapour being evolved, and 
sal-ammoniac remaining behind. Occasionally the salt under- 
goes spontaneous decomposition. When thrown on to a hot 
plate it decrepitates Uke ammonium nitrate. 

Ammonium Perchlorate, NH4CIO4, is obtained by saturating 
ammonia with perchloric acid. It forms rhombic crystals, which 
are isomorphous with potassium perchlorate and dissolve in 
5 parts of cold water. It has bfen employed as a constituent of 
explosives, for which purpose it may be prepared by the inter- 
action of concentrated solutions of ammonium nitrate and sodium 
perchlorate."* 

^ Scheffer, Proc. K. Akad, Wetmsch, Amsterdam, 1916, 18, 1498. 

* Smith and Eastlack, J, Amer, Chem, Soc., 1916, 38, 1600. 

® Jackson and Derby, Amer, Chem, J., 1900, 24, 15. 

* Alvisi, Oazz., 1899, 29, [Ij, 121, 478. 
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Ammonium and Sulphur. 

189 The method of preparing volatile compounds of sulphur 
has long been known. Thus, for instance, the writer who 
assumed the name of Basil Valentine states that a blood-red oil 
may be obtained by distilling together common sulphur, (quick- 
lime, and sal-ammoniac. He also says : “ Take grey sulphur and 
quicklime a pound, sal-ammoniac a fourth part; rub these 
together, when a splendid red oil is obtained, which fixes and 
refines.” Beguin was also acquainted with this mode of prepara- 
tion in the seventeenth century, and this salt was known as 
spiritus sulphuris volatilis BeguiniL Boyle in 1663 observed 
that the vapours of this body possessed the power of blackening 
metals, and he therefore termed it a volatile tincture of sulphur, 
and this same substance was known to the later chemists as 
spiritus fumans Boylei. This is a mixture of several sulphides 
of ammonium. Boerhaave in 1732 was the first to mention the 
fact that flowe'ts of sulphur dissolve in ammonia, the substance 
thus obtained being known as volatile liver of sulphur. The 
preparation of the compound by leading sulphuretted hydrogen 
into ammonia was described by Earwan in 1786. 

Aminonium Sulphide, (NH 4 ) 2 S, is obtained in colourless 
micaceous crystals by passing a mixture of sulphuretted hydro- 
gen with a slight excess of ammonia into a vessel cooled to — 18"^, 
ammonium hydrosulphide being also formed. At the same time 
a very volatile liquid is condensed, which has the composition 
(NIl 2 ) 2 S, 2 NH 3 . Ammonium sulphide readily dissolves in water, 
but the properties of the solution render it probable that it is at 
the same time partially dissociated into ammonium hydrosulphide 
and ammonia.^ 

Ammmium Hydrosulphide, NH^HS, is obtained by mixing 
sulphuretted hydrogen and ammonia in equal volumes at the 
ordinary temperature, and forms a porcelain-like mass ; it is also 
formed if the sulphuretted hydrogen be present in slight excess, 
but is not the only product in^presence of excess of ammonia. 
Its aqueous solution is obtained by saturating ordinary strong 
ammonia solution, diluted with four times its volume of water, 
with sulphuretted hydrogen, the strongest solution obtainable 
containing 16-19 per cent, of NH 4 HS. If the solution of ammonia 
be more concentrated, compounds of the general formula 
^ Blozam, Joum, Chem, Soc,, 1895, 07, 283. 
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(NH4)2S,ajNH4HS are formed, the value of x decreasing step by 
step with the increase in the concentration of the solution. Thus 
with ammonia of specific gravity 0*880 the compound formed has 
the composition (NH4)2S,2NH4HS, and separates, when the 
solution is cooled to 0°, in leaf-like crystals. Crystals having 
the composition (NH4)2S,6NH4HS, (NH4)2S,12NH4HS, and 
(NH4)2S,18NH4HS have also been prepared. The ammonium 
sulphide solution employed in the laboratory consists, therefore, 
of ammonium sulphide, hydrosulphide, hydroxide, and free 
ammonia in proportions varying with the concentration, and it 
also almost always contains a small quantity of polysulphides, 
which impart to it a yellow colour, these being formed by the 
action of the solution on the sulphur obtained from its partial 
oxidation. 

Aimnoniam Poly sulphides. — Compounds containing more 
sulphur than the foregoing are obtained by the action of sulphur 
on solutions of ammonium sulphide; these were first examined 
by Fritsche, who described the tetrasulphide, (NH4)2S4, the 
pentasulphide, (NH4)2S5, and the heptasulphide, 
and regarded these as formed by the direct addition of sulphur 
to ammonium sulphide. The subject has again been investigated 
by Bloxam,^ who has found that the formation of these com- 
poimds does not proceed in so simple a manner. The solutions 
of ammonium sulphide, which as above mentioned usually 
contains the hydrosulphide, sulphide, and free ammonia, acts 
on the sulphur with evolution of sulphuretted hydrogen and 
formation of two tetrammonium polysuli)hides, viz , the ennea- 
sulphidOf (NH4)4S9, and the heptasulphide, (NH4)4S7, both of which 
crystallise in yellow needles, and contain respectively seven and 
four molecules of water. These compounds by their decom- 
position give rise to the diammonium polysulphides, of which 
the following have been obtained in the crystalline form : 

Ammonium tetrasulphide, 4(NH4)2S4,H20. 

Ammonium pentasulphide, (NH4)2S5,H20. 

Ammonium heptasulphide, 3(NIl4)2S7,4H20. 

Ammonium enneasulphide, 2(NH4)2S9,H20, and 5(NH4)2S9,4H20. 

190 Nor)ml Ammonium Sulphate, (NH4)2S04. — We find this 
salt mentioned by Libavius, but more accurately described by 
Glauber, who recommended its use as a medicine. It was long 

^ Journ. Chem. Soc., 1896, 67, 283. But compare Thomas and Rule, Trans, 
Chem. Soc , 1917, 111, 1063. 
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known by the name of sal ammoniamm secretum Glauberi, This 
salt is found in certain volcanic districts, especially in the neigh- 
bourhood of the boric acid fumeroles of Tuscany, and it is termed 
by mineralogists mascagnite. Ammonium sulphate is prepared 
on the large scale by heating ammoniacal gas liquor with milk 
of lime, and passing the ammonia evolved into sulphuric acid. 



Fio. 108. 

The distillation is best carried out in a continuous still, the 
construction of which is analogous to the well-known Coffey 
still, used in the distillation of alcohol. A typical form of still, 
devised by Feldmann,^ is shown in Fig. 108. The ammoniacal 
liquor passes from the storage tank a into the supply tank 6, 
and thence through the economiser J, where it is warmed by 
the hot waste gases coming from the saturator e. It flows 
thence into the top chamber of the column a, falls from chamber 
1 Patent No. 3643 (1882). 
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to chamber by the overflow pipes a, and is subjected in each to a 
current of steam subdivided into a number of small streams, 
which completely removes the volatile ammonia, e. the 
ammonia present as sulphide and carbonate. In the chamber 
B it is mixed with milk of lime introduced by the pump g, and 
then passes into the top of the second column c, where it is again 
subjected to the action of the current of steam and freed from 
the fixed ammonia, i.e,, that present as sulphate, chloride, 
thiosulphate, thiocyanate, etc., the acids remaining in combina- 
tion with the lime. The waste liquor passes away from the bottom 
I), and is almost completely free from ammonia. 

The steam required is introduced by the pipe g into the 
bottom of the column c, passes from the bottom to the top 
of A, and leaves the latter, carrying with it the whole of the 
ammonia, sulphuretted hydrogen, and carbon dioxide, by the 
pipe i, through which it is conveyed to the saturator E, which 
consists of an iron or wooden tank lined with lead and filled 
with sulphuric acid of 142° Tw. The latter absorbs the ammonia, 
forming ammonium sulphate, which is fished out as it separates 
and allowed to drain, the waste gases being retained within the 
bell F, and passing thence through the economiser J to the pipe Z, 
by which they are conveyed to plant for further treatment and 
prevention of nuisance arising from them. 

These gases consist chiefly of sulphuretted hydrogen and 
carbon dioxide, with some hydrocyanic acid, hydrocarbon 
vapours, and small amounts of other impurities, and they are 
usually treated for the recovery of the sulphur. In some cases 
they are burnt with the requisite quantity of oxygen in a Claus 
kiln (p. 316), and the sulphur recovered as such, but in most 
cases the sulphuretted hydrogen is removed by absorption with 
oxide of iron, as in the purification of coal-gas (VoL I., p. 883). 
Other methods of treatment are to burn the gas completely 
and pass the products of combustion with those from pyrites 
burners into sulphuric acid chambers, or, where no chambers 
are available, into a tower containing limestone, down which 
water flows, the sulphur being thus converted into a solution of 
calcium sulphite. 

The ammonium sulphate thus obtained is always slightly 
damp and contains a small quantity of free acid, but may be 
purified by recrystallisation. It forms large transparent crystals 
isomorphous with those of potassium sulphate, has a specific 
gravity of 1*77, and a sharp, bitter, and saline taste. One hundred 

VOL. II. (i.) i> i> 
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parts of water dissolve, at 0®, 71 parts, and at 100°, 103-3 parts 
of the salt, but it is only slightly soluble in aqueous alcohol and 
insoluble in absolute alcohol. 

Ammonium sulphate is used for the manufacture of other 
ammonium salts, but its chief employment is as a nitrogenous 
manure, this salt and Chili saltpetre being the two chief sources 
of inorganic nitrogenous matter employed in agriculture. It is 
estimated that in 1912 the world’s consumption of these salts 
for manurial purposes was no fewer than 2,665,200 tons of Chili 
saltpetre, and about 1,300,000 tons of ammonium sulphate.^ The 
whole of the ammonia of commerce, as already mentioned, is 
obtained as a by-product in the distillation of coal, by far the 
greatest quantity being obtained from the coal-gas manufacture. 
Increasing quantities of ammonia, are, however, being recovered 
in other industries where coal is distilled, namely, from coke- 
ovens, blast-furnaces, shale-works, bone-works, and in the 
manufacture of producer gas from bituminous fuel (Vol. I., 
p. 903). 

Ammonium Persulphate^ (NH 4 ) 2 S 208 . — This salt is obtained 
by the electrolysis of a solution of ammonium sulphate in dilute 
sulphuric acid, and crystallises in large prisms which are very 
soluble in water.^ In presence of silver salts it undergoes a 
remarkable decomposition, one-eighth of the nitrogen being 
oxidised to nitric acid : ® 

8(NH4)2S203 -f 6H2O - 7(NH4)2S04 -f 9H2SO4 + HNO3. 

It is now prepared on the manufacturing scale for use as an 
oxidising agent, also for the preparation of other persulphates, as 
it is the most soluble of all these salts. 

Ammmium Selenate, (NH 4 ) 2 Se 04 , is not isomorphous with the 
rhombic sulphate, but forms monoclinic crystals. In the presence 
of a small amount of sulphate, however, mixed crystals of the 
rhombic system are obtained.^ 

Ammonium and Nitrogen. 

191 Ammonium Azoimide or Ammonium Nitride, N 4 H 4 or 
is formed by neutralising a solution of azoimide 

* Compare Guyc, J. 80 c, Chcm, Ind., 1900, 25, 668. 

* Marshall, Joum, Chem, Soc„ 1891, 59, 777. 

* Marshall, Proc. Boy, 80 c, Edin,, 1900, 23, 163 ; Marshall and Inglis, ibid,, 
1902, 24, 88. 

* Tutton, Joum, Chem, Soc., 1906, 89, 1059. 
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with ammonia, but is best obtained by saturating an alcoholic 
solution of diazohippuramide, CgHgNOg'NH’NiN’OH, with 
ammonia gas; it crystallises in large lustrous prisms, which 
become opaque and slowly volatilise in the air, and on careful 
heating sublime in small lustrous prisms. It is very soluble in 
water, has an alkaline reaction, melts and decomposes violently 
at 110^, and explodes with great violence when quickly heated.^ 
When it is vaporised the salt dissociates completely.^ 

Ammonium Nitrite, NII4NO2, is best obtained by passing the 
nitrous fumes prepared by the action of nitric acid on arsenious 
oxide over ammonium carbonate kept cool by ice, the resulting 
mass being treated with alcohol, and precipitated with ether. 
It forms colourless deliquescent crystals which ordinarily explode 
on heating to 60-70°, whilst in acid solution similar decompositions 
sometimes occur at the ordinary temperature.® It can be 
vaporised by the use of special precautions, and the vapour 
density is then found to be normal."* It can also be prepared 
from ammonium sulphate and sodium nitrite.® The solution 
decomposes on heating with formation of nitrogen and water 
(Vol. I., p. 496) : 

N4NO2H = Ng + 2H2O. 

Amtno7iiiim Nitrate, NH4NO3.— This salt was first prepared 
by Glauber and was originally known by the name of nitram 
jlammans. It has a specific gravity of 1*72, and melts at 166°. 
It is tetramorphous, forming a cubic modification which is 
stable above 125*6°, a hexagonal modification stable from 125*6° 
to 82*8°, a rhombic form stable from 82*8° to 32*4°, and finally a 
second rhombic form stable below this temperature,® which is 
the form obtained by the evaporation of the solution at the 
ordinary temperature. It is very soluble in water, a large 
amount of heat being absorbed ; 100 parts of water dissolve 118*3 
parts of the salt at 0°, 241*8 parts at 30°, and 580 parts at 80°. 
The cryohydric temperature is— 17*35° (de Coppet). It is 

^ Curtms, Ber., 1891, 24 , 3348. 

2 Curtius and Rissom, J. pr. Chem., 1898, [2], 58, 261. 

® Sorenson, ZeiL arwrg, Chem,, 1894, 7 , 33. 

* Ray, Dhar, and De, Trans. Chem, 80 c., 1912, 101 , 1185. 

® Blitz and Gahl, Zeit. Elektrochem., 1905, 11 , 409. 

® Lehmann, Zett, Kryst, Mtn., 1877, 1, 106; Schwarz, Pretsschnft, Gottingen, 
1892, 42; Tammann, Ann, Chtm, Phys., 1899, [2], 68, 553, 629; Muller and 
Kaufmann, Zett, physikal, Chem., 1903, 42 , 497; Nicol, Zeit, anorg. Chem., 
1897, 16 , 397; Vogt. Physikal. Zeitsch,, 1911, 12 , 1129. Compare Wallerant, 
Compt, rend,, 1906, 142 , 217. 
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also easily soluble in alcohol and dissolves in liquid ammonia. 
When the dry salt is thrown on a red-hot plate it decomposes, 
with the production of a yellow flame and a slight explosion, into 
nitrogen, water, and nitric oxide, whereas if it be gently heated 
it decomposes into water and nitrous oxide, a small portion of 
the salt subliming unchanged. It is chiefly employed in the 
manufacture of nitrous oxide for anaesthetic purposes, and is 
also used for the preparation of freezing mixtures, and as a con- 
stituent of certain explosives.^ The salts NH 4 N 03 , 2 HN 03 , 
melting at 29*5°, and NH 4 N 03 ,HN 03 have been described.^ 


Ammonium and Phosphorus. 

192 Normal Ammonium Phosphate^ (NH 4 ) 3 P 04 , is obtained 
as a crystalline semi-solid mass when hydrogen di-ammonium 
phosphate is supersaturated with concentrated aqueous ammonia. 
It crystallises from its solution in dilute ammonia in short 
prismatic needles. These contain SHgO, and are moderately 
stable in the air, but on boiling the aqueous solution two-thirds 
of the ammonia is evolved. 

Di-ammonium Hydrogen Phosphate, (NH 4 ) 2 HP 04 , occurs in 
guano from Ichaboe (Herapath), and is easily formed when 
a solution of phosphoric acid containing an excess of ammonia 
is allowed to evaporate ; transparent monoclinic prisms are thus 
deposited. 

Ammonium Dthydrogen Phosphate, (NH 4 )H 2 P 04 , is formed 
when aqueous phosphoric acid is added to ammonia imtil the 
solution reddens litmus paper and is no longer precipitated by 
barium chloride. It crystallises in tetragonal prisms and is iso- 
morphous with the corresponding potassium salt. 

Hydrogen Ammonium Sodium Phosphate or Microqosmic Salt, 
HNaNH 4 P 04 , 4 H 20 . — The old alchemists were aware that this 
peculiar salt could be obtained from urine, but Marggraf was 
the first to examine with care the salt which crystallised from 
evaporated urine and to show that it contained a volatile alkali, 
whilst Proust found in 1775 that sodium was contained in this 
compound. The salt was first termed sal urincefixum, in contra- 
distinction to the sal urines volatile or ammonium carbonate, but 
it was also termed sal microcosmicum, being obtained from the 
human body. This compoimd is also found in guano (Herapath). 

^ See Marshall, Explosives, 1918. 

^ Gro8chu£f, Ber,, 1904, 87 , 1486; ZeiU anorg* Chem., 1904, 40 , 1. 
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In order to prepare the compound, five parts of common 
rhombic sodium phosphate are dissolved in hot water together 
with two parts of crystallised ammonium phosphate, and the 
solution is allowed to cool. Transparent monoclinic prismatic 
crystals separate out, having a specific gravity of 1*55 and pos- 
sessing a strongly saline taste. They melt readily on heating, 
giving off water and ammonia, leaving a residue of the dihydrogen 
sodium orthophosphate, which at a high temperature melts with 
loss of water, forming a clear liquid; this on cooling yields a 
glassy mass of sodium hexametaphosphate. This substance is 
used largely as a blowpipe reagent. 


Ammonium and Carbon. 

193 Carbonates of Ammonia. — Commercial carbonate of am- 
monia, sal-volatile y or salt of hartshorn, forms the starting- 
point for these compounds. This substance was well known to 
the later alchemists, who prepared it by the dry distillation of 
evaporated and decomposed urine, hartshorn, bones, and other 
animal matter. Its preparation from sal-ammoniac was first 
described in the works attributed to Basil Valentine, but long 
after the 15th century it was supposed that the volatile alkaline 
salts obtained from various sources possessed different medicinal 
power. Even up to the end of the 17th century English drops, 
which were really nothing more than carbonate of ammonia 
mixed with an ethereal oil, were sold at high prices, and it was 
stated by some that the volatile alkali contained in this substance 
was prepared by the destructive distillation of silk, whilst others 
gave the remarkable receipt that 5 lb. of skulls of persons 
who had been hanged, or had otherwise come to an unnatural 
end, must be distilled with 2 lb. of dried vipers, hartshorn, 
and ivory. More rational view^s concerning the composition 
of these compounds were arrived at towards the end of the 
18th century. Dossie in his Elahoratory laid Open, published in 
1758, distinctly states that the same animal substances always 
yield an equally efficacious kind of volatile alkali. 

Commercial Carbonate of Ammmia is obtained by subliming 
a mixture of two parts of chalk and one part of sal-ammoniac or 
ammonium sulphate. This operation is conducted in iron 
retorts furnished with leaden receivers, and ten parts of sal- 
ammoniac yield from seven to eight parts of the carbonate. 
This salt is then resublimed with the addition of some water, 
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and is thus obtained as a white, semi-transparent, fibrous mass, 
which has a strongly ammoniacal smell and a pungent caustic 
taste. This salt possesses the composition NgH^CgOg, and 
consists of hydrogen ammonium carbonate along with ammonium 
carbamate (Vol. I., p. 865); thus, (NH 4 )HC 03 + NH4-C02NH2. 
By treating the salt with strong alcohol the carbamate can be 
dissolved whilst the ammonium bicarbonate remains undis- 
solved. This same decomposition takes place when the salt is 
exposed to the air, the carbamate undergoing slow volatilisation. 

The impurities liable to occur in the commercial salt are 
thiosulphate, sulphate, and chloride of ammonia, lead from 
the receiver, and lime and calcium chloride from the chalk 
employed. 

Normal Ammoninm Carbonate, (Nir 4 ) 2 C 03 ,Il 20 . — Dalton 
first prepared this salt by treating sal-volatile with a quantity of 
water insufiicient to dissolve it completely. It is also obtained 
when ammonium carbamate is dissolved in water, a condition of 
equilibrium between the two salts being finally attained : ^ 




It is, however, most readily prepared by digesting the common 
commercial carbonate of ammonia for two hours at a temperature 
of 12° with strong aqueous ammonia, and drying the crystalline 
powder which remains behind between blotting paper. 

Transparent tabular or prismatic crystals are deposited from a 
solution prepared at a temperature of from 30° to 35°. These 
possess an ammoniacal odour, attract moisture from the air, and 
become opaque from loss of ammonia and formation of liydrogen 
ammonium carbonate and water (Divers).^ 

Hydrogen Ammonium Carbonate or Ammonium Bicarbonate, 
(NH 4 )HC 03 . — Crystals of this salt are sometimes found in 
Patagonian guano, and in the purifiers of gas-works. It is 
formed when the foregoing compound is allowed to lie exposed 
to the air, or when its solution is treated with carbon dioxide. 
It forms a white mealy powder, or, when slowly crystallised, 
large rhombic crystals, which have a cooling saline taste and do 
not smell of ammonia when in the dry state. At 60° it slowly 
undergoes decomposition with evolution of carbon dioxide, 
ammonia, and water. When it is more strongly heated in such 

^ Maclcod and Haskins, J, Biol. Chem., 1006, 1, 319. Sco also Burrows and 
Ijowis, J. Amer. Chem, Soc., 1912, 34, 993. 

* Joum, Chem, Soc,, 1870, 23, 171. 



AMMONIUM AND CARBON 


407 


a way that a small quantity of water condenses and the gases 
are not allowed to recombine, the ordinary commercial carbonate 
of ammonia is formed (Divers). This salt dissolves at 15° in 
8 parts of water. Its solution when exposed to the air, as well as 
when heated above 36°, loses carbon dioxide, but its saturated 
solution can be crystallised by cooling out of contact with air. 
It is not soluble in alcohol, but if alcohol be added and the mixture 
be allowed to stand in the air carbon dioxide is evolved and 
normal ammonium carbonate dissolves. It forms a double salt 
with the former compound, having the composition 

which is known as ammonium sesquicarbonate ; this may be most 
easily obtained by treating the commercial salt at 30° with a 
moderate amount of tolerably concentrated ammonia, and 
crystallising. This double salt forms flat rhombic prisms or thin 
six-sided tablets, smells strongly of ammonia, and dissolves at 
15° in 5 parts of water. It is decomposed by an excess of water 
with formation of the bicarbonate. Aqueous solutions of the 
carbonates are completely decomposed on boiling, the ammonia 
and carbon dioxide passing over with the steam. 

194 Ammonium Cyanide , NII4CN. — When a mixture of sal- 
ammoniac and dry ferrocyanide of potassium, or mercury 
cyanide, is heated, this salt sublimes in colourless cubes which 
smell of both ammonia and hydrocyanic acid. It is also pro- 
duced when a mixture of ammonia, nitrogen, and hydrogen is 
passed' over wood charcoal at 1000°.^ It is easily soluble in both 
water and alcohol, and evaporates at a temperature of 36°. 
The vapour is inflammable and burns with a yellow flame. It is 
an extremely poisonous salt, and decomposes; especially in the 
moist state, into azulmic acid. 

Ammonium Cyanate, NH4OCN, is formed, mixed with urea 
and cyamelide, when the vapour of cyanic acid is brought into 
contact with dry ammonia, but is obtained nearly pure by mixing 
ethereal solutions of ammonia and cyanic acid at 20°, ^ and 
is formed in solution when concentrated solutions of potassium 
cyanate and ammonium sulphate are mixed. It forms a friable 
mass, easily soluble in water and sparingly soluble in absolute 
alcohol. This salt easily undergoes intramolecular change, 
forming the isomeric urea, CO(NH2)2 (Vol. I., p. 866).® 

1 Lance, CompL rend., 1897, 124, 819. 

» Walker and Wood, Proc. Chem. Soc., 1898, 108; Joum. Chem. See., 1900, 

77 , 21 . 

» See Chattaway, Trans. Chem. 80 c., 1912, 101, 170, 
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Ammmium Thiocyanate^ NH4CNS, is formed when a solution 
of yellow ammonium sulphide which contains polysulphides is 
warmed with hydrocyanic acid : ^ 

(NH4)2S + HCN + S - NH4CNS + NH4HS. 

It is obtained on the large scale by this reaction from the hydro- 
cyanic acid present in crude coal-gas (Vol. I., p. 887), but in the 
laboratory is most readily prepared by mixing together 600 
grams of 95 per cent, alcohol, 800 grams of ammonia (specific 
gravity 0*912), and 350 to 400 grams of carbon disulphide, and 
allowing to stand for several days, then distilling off a portion 
of the liquid, and allowing the remainder to crystallise.^ 
Ammonium thio-carbonate, (NH4)2CS3, is first formed in this 
reaction, but decomposes on heating into the thiocyanate and 
sulphuretted hydrogen : 

(NH4)2CS3 = NH4CNS + 2II2S. 

It is very readily soluble in water and alcohol, crystallising out 
in colourless plates. Its solution in water is attended with 
great absorption of heat; thus if 100 grams of the salt be dis- 
solved in an equal weight of water at 17^, the temperature 
sinks to —12° (Riidorff). The perfectly dry salt melts at 159° 
and when slowly melted is partially converted into the isomeric 
thio-urea CS(NH2)2^ (Vol. I., p. 869). 

Ammonium thiocyanate is always found amongst the products 
of the dry distillation of organic substances containing nitrogen 
and sulphur, and is therefore always present in gas licpior. Its 
formation is brought about partly by the combination of the 
hydrocyanic acid in this gas with ammonium polysulphide, 
partly by the interaction of the ammonia, sulphuretted hydrogen, 
and carbon disulphide, in the manner already explained. 


HYDROXYLAMINE SALTS. 

195 Hydroxylamine, NHgOH, the preparation of which has 
already been described (Vol. I., 525), forms salts with acids 
which are analogous to those of ammonia; the most important 
of these are as follows : 

Hydroxylamine Hydrochloride, NH20H,HC1, crystallises from 

^ Liebig, Annalen, 1847, 01, 126. 

* Schultz, J, pr. Chem.f 1883, [2], 27, 518. 

* Reynolds and Wemer, Journ. Chem, Soc., 1903, 83 , 1; Findlay, ibtd„ 
1904, 85 , 403. 
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a hot alcoholic solution in monoclinic prisms or plates, which 
are very soluble in water but less so in alcohol. When heated 
it decomposes into ammonium chloride, hydrochloric acid, water, 
and nitrogen. When a concentrated solution of this salt is 
treated with an alcoholic solution of hydroxylamine, it yields 
the salt (NH20H)2HC1 as a crystalline precipitate, which when 
mixed with concentrated solutions of the normal salt yields large, 
well-formed crystals having the composition (NH20H)32HC1, 
and melting at 95 ° with decomposition. 

Hydroxylamine Hydriodide^ NH20H,HI, forms flat, colour- 
less, very hygroscopic needles,^ which are obtained by evaporating 
the solution in vacuo below 26 °. The compounds (NH30)3HI 
and (NIl30)2H[ are also known.^ 

Hydroxylamine Sulphate, (NH20H)2,H2S04, crystallises from 
aqueous solution in large monoclinic prisms, according to Lang, 
or triclinic prisms according to Dathe, and is precipitated in 
needles on addition of alcohol to the aqueous solution. 

Hydroxylamine Nitrate, NIT20II,HN03, is obtained by decom- 
posing a solution of the hydrochloride with silver nitrate, or of 
the sulphate with barium nitrate. On evaporating the solution 
over sulphuric acid an oily liquid remains, which, w^hen pure, 
forms crystals melting at 48 °, and readily remains in super- 
fusion. It is very readily soluble in water and alcohol, and its 
aqueous solution decomposes on the water-bath with evolution 
of nitrous fumes. 


HYDRAZINE SALTS. 

196 Hydrazine, N2Tr4, like ammonia, readily combines with 
acids to form salts, which may for convenience be described 
here, although they do not correspond to the ammonium salts 
and those of the alkalis, hydrazine being a di-acid base. The 
mon-acid vsalts, NgH^.X, are as a rule much more stable than the 
di-acid salts, N2He:X2. The salts are for the most part obtained 
by neutralising hydrazine hydrate (Vol. I., p. 519 ) with the 
appropriate acid, and evaporating the solution to the point of 
crystallisation. 

Hydrazine Dihydrochloride, N2n4, 21101 , crystallises in regular 
octahedra, which rapidly attract moisture from the air. It 
melts at 198 °, losing liydrogen chloride and forming the mono- 
hydrochloride, N2H4,TI01, as long needles melting at 89 °. 

1 Wolffenstein and Groll, Ber., 1901, 84, 2417. 

* Dunstan and Goulding, Joimi. Chem, Soc., 1896, 69, 839. 
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Hydrazine Dihydrobromide, N2H4,2HBr, and Hydrazine Hydro- 
bromide, Ng^jHBr, are very similar to the hydrochlorides, and 
melt at 195° and 80° respectively. 

Hydrazine Dihy dr iodide, N2H4,2III, can only be obtained 
by the action of fuming hydriodic acid on benzalazine, 
CgHs.CHiN.NiCH.CgHg, and is a very hygroscopic substance 
which melts at 220°, and becomes brown in the light. The 
monohydriodide, N 2 H 4 ,HI, is formed by the action of iodine on 
an alkaline solution of hydrazine hydrate : 

5N2H4,H20 + 2 I 2 - 4N2n4,TTT + 5 H 2 O + N 2 . 

It forms long colourless prisms, melts at 127°, and explodes 
violently at a higher temperature. 

Trihydrazine Dihydriodule, 3N3ll4,2HI.— This salt is prepared 
by the addition of iodine to a solution of hydrazine hydrate in a 
little alcohol till crystals separate in quantity. It crystallises 
in large white needles melting at 90°. 

Hydrazine Nitrate, N 2 ll 4 ,HN 03 , crystallises in long prisms, 
melts at 69°, and explodes when quickly heated. The di-acid 
salt is very unstable,^ and decomposes w^hen heated, yielding 
azoimide, ammonium nitrate, nitrogen, nitric acid, and water. 
Hydrazine Nitrite, N2ll4,HN02, forms white hygroscopic crystals, 
which detonate \then struck or heated.^ 

Hydrazine Sidphate, N 2 ll 4 ,Il 2 S 04 . — The method of preparation 
of this salt has been already mentioned in describing the prepara- 
tion of hydrazine (Vol. I., p. 517). It crystallises in thick lustrous 
tablets or long thin prisms belonging to the rhombic system, 
and is sparingly soluble in cold but readily soluble in hot water, 
and insoluble in alcohol. It melts at 254°, and simultaneously 
undergoes decomposition, yielding hydrazine sulphite, sulphur 
dioxide, sulphuretted hydrogen, and sulphur. Hydrazine sul- 
phate in liquid ammonia is decomposed quantitatively into 
hydrazine, which remains in solution, and ammonium sulphate, 
which is precipitated.^ 

Hydrazine Nitride or Hydrazine Azoimide, Ngllg or 

N . . 

N 2 H 4 ,HN<C[|^, is obtained by the action of hydrazine hydrate on 
ammonium azoimide, or azoimide itself, and forms large vitreous 

1 SabaniefF, Zeit* anorg. Chem., 1899, 20, 21. 

* Sommer, Zeit, anorg, Chem., 1913, 83, 119. 

* Friedrichs, J, Amer, Chem. Soc., 1913, 35, 244. See also Browne and 
Welsh, tbid„ 1911, 33, 1728. 
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prisms, melting at 65°, which deliquesce in the air, and gradu- 
ally volatilise. It is sparingly soluble in alcohol, from which it 
crystallises in lustrous plates, and explodes with great violence 
when quickly heated or touched with a white-hot wire.^ It 
burns like gun-cotton when a light is applied to it. 

* Curtius, Ber., 1891, 24, 3348. 
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THE COPPER GROUP 

Copper, Cu. Silver, Ag. Gold, An. 

197 The metals of this sub-group, as has already been 
pointed out, differ very considerably from the other metals of 
the same group. Like the alkali metals, they form a series of 
characteristic salts in which each atom of the metal replaces one 
of hydrogen, but, except in the case of silver, other series of 
salts are known which are more stable than the first-named 
series. As is frequently the case with metals having very high 
atomic weights, gold differs in many respects from the elements 
of the same sub-group which have a lower atomic weight, and 
also shows considerable resemblance to the elements having 
nearly the same atomic weight; thus gold resembles platinum 
and iridium in many respects, and is sometimes classed with 
them. 


COPPER. Cu == 63’57. At. No. 29. 

198 Copper of all the metals was probably the one first em- 
ployed by man. This is explained by the fact that copper occurs 
in the native condition, and thus requires no metallurigcal treat- 
ment. In the Hebrew Scriptures copper is termed Nehosheth, 
a word derived from the root nahdsh, to glisten. This is trans- 
lated by XuXkos in the Septuagint, and this again by Acs in the 
Vulgate. By both the latter words the ancients understood, 
not only copper, but brass and bronze. Copper was afterwards 
specially designated as aes cyprium, or simjdy cyprinm, a name 
wliich afterwards became cuprum. 

The Latin Geber appears to have noticed that copper is 
easily attacked by acid liquids, and hence it was termed mereirix 
rtietallorum by the alchemists. Inasmuch as it was obtained 
from Cyprus, copper was considered to be the metal specially 
sacred to Venus, and in the writings of the alchemists it is 
generally known by the name of this goddess and symbolised 
by $. In the works attributed to Basil Valentine we find 
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noted the power possessed by iron to precipitate metallic copper 
from solutions of its salts. In his Last Testament we read : 
‘‘ The cement or ley from Schmolnitz in Hungary eats iron into 
slime, and when the iron mud is taken out of the trough it is 
found to be good $ (copper).” In his Currus Triumphalis 
Antimonii he says, “ From iron a $ (copper) can be got by 
natural means, as, for instance, by an acrid ley from Hungary 
which gives to it (the iron) such a metallic colour that it is 
converted into the best copper.” 

It would thus appear that this change was regarded as a 
transmutation of iron into copper, and Paracelsus and many 
other chemists seem to have held similar views with respect to 
this reaction. Wedel in 1664 made special inquiry into the 
nature of the wonderful transmutation of iron into copper by 
means of this Hungarian liquor; and so late as 1690 Stisser, 
who was professor of chemistry in Helmstedt, believed that the 
formation of copper precipitate was a proof of the possibility of 
the transmutation of metals. 

It was long before these erroneous views concerning this pre- 
cipitation of copper were corrected, although Van Helmont 
rightly surmised that the copper existed in the solution from 
which it was precipitated by the iron. Boyle first proved this to 
be the case, and in his History of Fluidity and Firmness} pub- 
lished in the year 1661, he describes the precipitation of copper 
from its solution by metallic zinc, and in 1675, in his Treatise 
on the Mechanical Causes of Chemical Precipitation} explains the 
action of iron upon copper solutions by the supposition that the 
solvent permits the metal to be precipitated in order to take up 
the precipitant. 

Copper occurs in the native state in various parts of the 
world, especially in the copper region of Lake Superior, where, 
sometimes in enormous masses, it occurs in veins traversing 
red sandstone and trap. It is also found in the same condition 
in Cornwall, the Faroe Islands, Siberia, and the Urals, and in 
many localities in North and South America. Native copper 
almost invariably contains small quantities of silver and a few 
other metals, such as bismuth, lead, etc. Cupric oxide, CuO, 
black oxide of copper, also occurs in nature, as tenorite or mel- 
aconite, and cuprous oxide, CugO, occurs in larger quantities, 
as cuprite or red copper ore. Many copper salts occur native; 
of these the most important are malachite, CuC 03 ,Cu( 0 H) 2 ; 

^ Op, 1 , p. 377. * Op, 4 , p. 329. 
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azurite or blue carbonate of copper, 2CuC03,Cu(0H)2. Copper 
also occurs widely distributed in combination with sulphur as 
vitreous copper, chalcocite, or copper glance, CugS ; covellite or 
indigo copper, CuS; copper pyrites or chalcopyrite, CuFeS^, 
and erubescite or purple copper ore, CugFeSg. 

Copper is found in the animal kingdom in the blood of certain 
Crustacea and arthropoda as a faintly-blue compound called 
hcemocyanin^ which has similar oxygen-carrying properties to 
haemoglobin, the compound of iron contained in the blood of 
vertebrates, whilst the livers of some of the cephalopods also 
contain copper.^ This element also forms about 7 per cent, of 
the red pigment turacin which occurs in the feathers of birds of 
certain species.^ 

It has also been detected in small quantities in plants grown 
in ordinary soils,® and in larger quantities when the plants have 
been grown in soils containing copper. 

199 Copper Smelting. — The methods in use for the extraction 
of copper differ considerably, according to the nature of the ore 
from which the metal is to be obtained. Both dry and wet 
processes of extraction are employed, the greater quantity of the 
metal being obtained by the former. 

Two different classes of dry processes are successfully at 
work; (1) smelting in reverberatory furnaces, and (2) smelting 
in blast furnaces. The first class comprises the Welsh or English 
process, formerly carried out in the Swansea district of South 
Wales but now modified in many directions, and also the modern 
method of smelting in reverberatory furnaces carried out in many 
important districts. 

In the old Welsh process, a mixture of copper ores was usually 
employed, consisting of copper pyrites and copper carbonates, 
mixed with iron pyrites containing silicates and gangue, mostly 
consisting of quartz. To obtain the pure metal six distinct 
operations were required, viz. : 

(1) Calcining the mixed ore. 

(2) Preparing “ coarse metal.’’ 

(3) Calcining the “ coarse metal.” 

(4) Preparing ‘‘ fine metal.” 

(5) Roasting to obtain metallic copper. 

(6) Refining. 

^ Henze, Zeii. physiol. Chem., 1901, 33, 417. 

* Church, Proc. Roy. Soc,, 1893, 61, 399. 

3 MacBougal, Bot. Oaz., 1899, 37, 68. 
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The calcination of the crude ores was generally carried out in 
kilns or reverberatory furnaces. 

Figs. 109 and 110 show the construction of the ordinary 





lICTfrti'fPl 






Eia. 109. 


calcining furnace, into which the mixture of ore, weighing about 
three-and-a-half tons, was introduced from the trough g. 

This charge was exposed to the oxidising action of the air for 
from twelve to twenty-four hours, the result of this operation 


being the partial oxidation of the sulphides of copper and iron, 
with the formation of the corresponding oxides, and the conver- 
sion of any copper carbonate present into oxide. 

In the second operation the roasted ore was mixed with 
‘‘ metal slag ” derived from the ‘‘ fine metal ’’ operation, and 
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strongly heated in a smelting reverberatory furnace, Figs. Ill 
and 112, which had a much larger grate area in proportion to the 
size of the hearth than the calcining furnace, as it was desired to 
obtain a fused mass or regulus consisting of a mixture of the 
sulphides of copper and iron, termed coarse metal, and at the 
same time a slag consisting of a silicate of iron, and containing 


Centimeter 1 0 7^ ozb® J J J t 5 Meter. 

Fio. 112. 


little or no copper, called ore-furnace slag. When thus smelted 
the copper oxide of the roasted ore reacts with a portion of the 
sulphide of iron with formation of copper sulphide and oxide of 
iron, this latter oxide then combining with the silica present to 
form a fusible slag of iron silicate. In order to obtain by this 
means an ore-furnace slag free from copper, it was found that the 
mixture of ore should not contain more than 14 per cent, of copper, 
whilst, on the other hand, the percentage of copper should not 
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be below 9, othcrwiae the consumption of fuel became extrava- 
gant. The coarse metal, or crude copper sulphide, usually 
contained about 35 per cent, of copper. The slag was drawn off, 
and the fused coarse metal run out through the tap-hole into a 
granulator, into sand beds or into iron moulds. 

The third operation consisted of the calcination of the granu- 
lated or crushed regulus or coarse metal, for the purpose of oxidis- 
ing a portion of the sulphur, leaving only sufficient to combine 
with the copper present, so that when again smelted, in the 
fourth operation, with the addition of roaster-slag, refinery -slag, 
and a certain proportion of oxidised ores, such as the carbonate 
or oxide, a nearly pure cuprous sulphide, CugS, called white 
metal ot fine metal, and containing about 75 per cent, of copper, 
was obtained. 

In such an operation if the amount of oxidised ore be insufficient, 
the product contains sulphide of iron and is then known from its 
colour as ‘‘ blue metal,” whilst if an excess be employed some of 
the copper sulphide is reduced, and sulphur dioxide evolved; 
the latter in its attempt to escape gives the surface a pimply 
appearance, the product being therefore known as ‘‘ pimple- 
metal.” 

The smelting furnace used in this operation was identical in 
construction with that employed in the first fusion, and the 
slags formed chiefly consisted of iron silicate, but contained 
some quantity of copper, and were termed metal slags', these 
were retreated, as has been stated, in the first smelting process. 

The fifth operation, consisting of the roasting of white metal 
to metallic copper, is used to a considerable extent in present 
day practice and for this purpose the pigs are now charged into 
a reverberatory furnace, in such a manner that air can circulate 
round each pig, thus subjecting them to a slow roasting process. 
In this way the oxide formed reacts with the unoxidised sulphide 
with the production of metallic cojiper and sulphur dioxide : 

2 CU 2 O -f CugS - 6Cu + SO 2 . 

The metal thus reduced is filled with cavities and covered with 
blisters, hence it is termed blister-copper. It still contains from 
2 to 3 per cent, of foreign matter, chiefly consisting of sulphur 
and iron. 

To remove the impurities, the blister-copper is subjected to 
the sixth, or refining operation, which is also used at the present 
time. For this purpose the blister-copper is again fused in a 
VOL. II. (i.) K B 
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smelting-furnace constructed like the others except that its 
floor is inclined towards a point near the door and near the 
chimney. Upon this floor a charge of about eight tons of blister- 
copper is brought, and the slags having been removed by skim- 
ming from the surface of the molten metal, this is well stirred up, 
or rabbled. The metal in this condition is termed dry copper. 
In this state it is, however, imfit for use, as it contains a pro- 
portion of oxygen, present as cuprous oxide, w^hich renders it 
brittle. To eliminate this, the metal has to be toughened. This 
is effected by covering the surface of the molten metal with a thin 
layer of anthracite, and plunging a pole of wood into the molten 
metal. Large volumes of reducing gases consisting of hydro- 
carbons and carbon monoxide are thus evolved, and the metal 
boils up violently, the oxide being reduced. After the poled 
metal has remained quiescent for a few minutes a sample is 
removed by the refiner, cast into a mould, and the casting cut 
half through with a cold chisel and broken. From the appear- 
ance and colour of the fractured surface an experienced eye can 
at once decide whether the copper has arrived at what is termed 
the tough- pitch, in which condition it contains just sufficient 
oxygen to overcome the injurious effects of the small quantities 
of impurities present. When this is reached, the charge must 
be withdrawn from the furnace as rapidly as possible and cast 
in iron moulds, in order to prevent a second oxidation occurring. 
Sometimes the molten metal becomes what is called over-poled, 
and if this is the case the metal must be exposed to the air for a 
short time to bring it back again to the tough-pitch condition. 

Figs. 113 and 114 (p. 419) show the construction of a smelting 
furnace with a gas-generator (a) fired with coal which is filled 
from the shaft (c). The air necessary for the combustion of 
the generated gas is admitted by the openings (6 6), whilst that 
required for the oxidation of the charge enters by the openings 
(K K). 

The subject of the toughening of copper and of the removal 
of the non-metallic impurities contained in commercial copper 
is somewhat complex, and has received much attention from 
metallurgists. From the experiments of Abel ^ it appears that 
toughened copper always contains a certain amount of oxygen 
present as suboxide, and this agrees with the observation of 
copper smelters, who find that the whole charge may become 
over-poled in a few seconds, this being explained by the fact 
^ Joum, Chem. Soc,, 1864, 17i 164. 
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that the whole of the oxygen has been withdrawn. According 
to Hampe,^ on the other hand, the phenomenon of the over- 
poling of copper depends on the reduction of small quantities 
of lead oxide and bismuth oxide which the copper contains, so 
that if these bodies be not present no over-poling occurs. 

This method of copper smelting is seldom used exactly as 
described, but is improved by the use of one or more of the 
following modifications. 

Large mechanical furnaces arc often used for the calcination 
of the ore and coarse metal, in place of the old-fashioned calcin- 
ing furnace. In some cases revolving cylinders, similar in 
principle to the Oxland calciner employed in roasting tin ores 
(see Tin), and, in other cases, long-bedded reverberatory furnaces 
fitted with mechanical rabbles, such as the O’llara, are used. 
A large number of other mechanically worked calcineis have also 
been designed and worked with success, such as the Pearce 
Turret furnace, the Brown Horseshoe, the Merton, the Edwards, 
the MacDougal, and others. 

In some cases also it is the practice to use shaft-furnaces 
or small blast furnaces for the second operation, that is for the 
smelting of the roasted ores for the production of “ coarse- 
metal.” This effects a considerable economy in labour and 
fuel. In some cases also shaft-furnaces arc used for the fourth 
operation, the production of white metal.'' 

The use of gas-fired reverberatory furnaces for the refining 
operation, having regenerators for heating the gas and air 
necessary has also been introduced. 

In modern smelting, reverheraionj furnaces are used for matte- 
smelting of finely-divided ores such as concentrates. Before 
charging, the ore is partially roasted, generally in one of 
the types of mechanical roasters, and during the smelting the 
remaining sulphur unites with copper and iron, forming the 
matte, and the silica of the gangue unites with the oxide of iron, 
lime, and alumina, forming a fusible slag.^ 

There has also been a considerable development in size and 
method of working smelting reverberatories. Furnaces capable 
of smelting from 200 to 300 tons per 24 hours, with hearths 
measuring up to 119 feet in length, are now used as against the 
furnaces capable of smelting only 12 tons per 24 hours, measur- 

^ Cliem, Cenir^f 1876, 378. 

* Full information concerning copper smelting may bo found in The 
Princtples of Copper Smelting, by Peters (Hill Publishing Co., 1907), and 
The Practice of Copper Smelting, by Peters, 1911. 
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ing 15 feet in length, commonly used in 1880. The increase in 
smelting capacity is not only due to increase in size of furnace, 
but to certain improvements in the method of working, such as 
rapid charging of the hot calcined ore, preheating air by con- 
duction through channels in the brickwork, rapid skimming 
through four doors simultaneously, and tapping after several 
charges have been smelted, thus keeping the hearth well covered 
with matte. 

Important innovations have been introduced recently into 
American copper smelting practice in the use of oil and powdered 
coal in reverberatory furnaces. Oil-firing has been used in 
several works and has been found to result in a reduction of the 
cost of smelting, especially where the waste gases are utilised 
for the raising of steam in boilers. Powdered coal-firing has also 
been found to work satisfactorily and to result in considerable 
economy of fuel and in an increased output per furnace. The 
value of powdered coal for firing cement kilns has been realised 
since 1895, but it was not used successfully in copper smelting 
until 1911. At Anaconda,^ this method is now used in rever- 
beratory furnaces 144 feet long by 23 feet wide; with five 
coal-dust burners per furnace, as much as 760 tons of charge 
has been smelted in 24 hours with a consumption of 100 tons 
of coal dust. 

Smelting of Copper Ores in Blast Furnaces. 

200 The Mansfield Process of Copper Smelting , — The well- 
known cuprous schist or “ kupferschiefer ” of the Germans has 
been worked for copper for a long time. Agricola, writing in 
the middle of the sixteenth century, described the methods 
adopted in his time near Mansfield for the extraction of the 
metal. In this process the first operation consists in the roast- 
ing of the schist to burn off bituminous matter, expel the water 
and arsenic, and remove a portion of the sulphur. 

In the second operation the roasted ore is mixed with slag 
from the ‘‘ black copper ” operation, and smelted in blast furnaces 
for coarse metal and a clean slag. The coarse metal, or 
“ rohstein,” is next re-roasted and smelted for fine metal or 
‘‘ spurstein.” 

The fine metal was formerly treated by the Zicrvogel process 
(see Silver) for the extraction of the silver present, and the 
^ Austin, Mining and Scientific Press, Feb. 1916 . 
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remaining copper oxide was smelted in a blast furnace for the 
production of black copper, which was refined. 

Blast furnaces are sometimes employed in the smelting of 
oxidised copper ores, the charge consisting of ore, the necessary 
fluxes, and coke for fuel. The products are blister-copper, which 
is afterwards refined, and slag which invariably contains from 
1-5 to 2-5 per cent, of copper. 

Blast furnaces are very largely used in the smelting of 



Fio. 115. 


sulphide copper ores, the form mostly employed being water- 
jacketed iron furnaces. One of the types of furnace employed 
is that of Herreshoff, a sectional elevation of which is shown in 
Fig. 115, and a sectional plan in Fig. 116. The main furnace, 
A, has an elliptical section and consists of a double casing of 
iron, A, B, c, through which water is continually circulated ; the 
bottom of the furnace, e, is hned with fire-brick or fire-clay. 
The roasted ore, mixed with coke or anthracite, and the slag 
from a later process, which consists chiefly of iron silicate with 
a little copper, is introduced at the top of the furnace, the air 
being forced through the tuyeres, i i. The products, which 
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consist of “ matte ’’ (corresponding to the “ coarse metal ” of the 
Welsh process) and slag, accumulate in the bottom of the 
furnace and then overflow continuously into the fore-hearth,’’ 
w, the end elevation of which is shown in Fig. 117 ; this is 
frequently mounted on wheels, n n, for convenience of moving. 



Fig. il6. 


The slag then flows away almost continuously from the opening, 
M, the matte being run off by the tap-hole, o, as occasion 
requires. This matte is usually reduced to metallic copper in a 
‘‘ converter,” the resulting metal being refined in reverberatory 
furnaces or by the electrolytic method. 

The water-jacketed blast furnaces, generally rectangular in 



Fig. 117. 


form, are not only more easily constructed than the ordinary 
brick furnaces, but can be much more rapidly heated and cooled, 
the blowing-in of the furnace and its cooling down for repairs 
being thus greatly facilitated. The manipulation of the furnace 
during the smelting is also rendered much simpler. 

During recent years great developments have taken place in 
the ^zes of water- jacketed blast furnaces used in the smelting 
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of copper.^ Up to the year 1885 the largest furnaces were 96 
inches long by 36 inches wide, and up to 1902, the largest 
furnaces were 120 inches by 42 inches. In 1902 the Anaconda 
Copper Company built a furnace 180 inches by 56 inches, and 
in 1904 the same company joined up two furnaces including a 
space of 21 feet between, making a furnace 52 feet in length; 
in 1905 this furnace was joined to another 15 feet furnace, 
including a space of 21 feet, making a furnace 87 feet long. 

Pyritic Smelting .^ — By this is meant the smelting of sulphide 
ores by the heat generated by their own oxidation, without 
the aid of carbonaceous fuel. In this direction great progress 
has been made in recent years. This process is applicable to 
auriferous, argentiferous, and cupriferous pyrites, and its object 
is to smelt for a matte in which the valuable metals will be 
concentrated. 

In practice it is found advisable to add a small quantity, up to 
5 per cent., of fuel to the charge forming a process of partial 
pyritic smelting. The furnaces most suitable arc large, rect- 
angular, water-jacketed blast furnaces with a larger number of 
tuyeres than usual for ordinary smelting. 

One of the applications of this method is to smelt a mixture 
of pyrites, low in copper, with siliceous material carrying gold 
and silver; most of the sulphur and iron are oxidised, thus 
generating the heat, and leaving ferrous oxide which forms a slag 
with the silica. The unoxidised sulphur forms a matte with the 
copper and some iron, and this matte also carries practically 
the whole of the precious metals. This matte may be treated 
by the Bessemer process and the copper obtainefl refined 
electrolytically. 

Collection of Furnace Bust , — Serious losses of copper may arise 
from the escape of fine particles of ore with the furnace gases and 
all well-equipped smelting works are provided with large flues 
and dust chambers for their collection. These losses occur in 
roasting and smelting furnaces and in blast furnaces; they 
vary with the pressure of the blast and with the proportion of 
fine ore contained in the charge, but are never less than 5 per 
cent, and in some cases reach 20 per cent. To collect the dust, 
the speed of the gases must be reduced, and this is effected by 
the provision of large flues and capacious settling chambers. 
The Cottrell process of electrostatic precipitation has also been 

^ See Gowland, Trans, Inst. Mm. and Met , 1906-7, 205. 

* “Pyritic Smelting/' Trans. Inst, of Min. and Met., 1905-6, 269. 
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applied with success to the treatment of furnace gases and con- 
sists in exposing the gases to a strong electrostatic field, 
which charges the particles of dust or fume and causes them to 
j)ass to a series of pipe collectors which act as the discharge 
electrodes. 

The flue dust may be smelted in certain proportions with the 
fine ore charges for reverberatory furnaces or may be sintered or 
briquetted for blast furnace smelting. In some works, the dust 
is incorporated with molten converter slag or with molten low 
grade matte previous to retreatment in blast furnaces. 

- Application of the Bessemer Process to Copper Smelting.— 
By far the most important method of treating copper matte is 
in the Bessemer converter by the Manhes process. The prin- 
ciple involved is the same as that of the Bessemer iron process, 
viz., the removal of the foreign substances by the passage of 
air through the molten mass, but in the manufacture of steel 
from 5 to 10 per cent, of the charge only has to be oxidised, 
whereas in treating a 25 per cent, copper matte 75 per cent, 
has to be disposed of. 

The operations consist in charging the converter with the 
molten matte, blowing air to concentrate the matte up to white- 
metal, pouring off the slag, adding more matte to the con- 
verter, blowing to metallic copper and pouring the charge. 
During the blow', the sulphur and iron become oxidised, the 
latter combining with the siliceous lining to form a ferrous 
silicate slag. 

The converters (Fig, 118) are similar to the steel converters, 
but have side tuyeres slightly elevated above the bottom and a 
lining often 18 inches thick, A lining generally lasts only from 
four to six blows, and hence this is an expensive item in convert- 
ing. In some works, therefore, a siliceous ore containing 5 to 
10 per cent, of copper is used as a lining, the copper being 
extracted during the process; thus at the Detroit copper w'orks 
200 tons of such an ore are economically treated every month 
per converter.^ 

In order to obviate the necessity of constantly renewing the 
linings of these converters, basic linings have been introduced 
and are working successfully. These converters are lined with 
magnesite bricks, and after a small charge of matte, together 
with the siliceous material necessary to form a slag, has been 

^ 8oo “Treatment ni Copper Mattes in the Bessemer Converter,” Tinns. 
Inst, of Min. and Met., 1899-1900, 18, 2. 


426 


THE COPPER GROUP 



blown, it is poured. The slag which adheres to the sides of 
the converter now forms a suitable medium for retaining the 
charge of siliceous material necessary for the reactions which 
is put in the converter before the next charge of matte is 
introduced. 

A converter installed at the smelter of the Anaconda Copper 
Co.^ is 20 feet in diameter, and 17 feet high, and it has a lining 


Fig. 118. 

of magnesite bricks feet thick on the tuyere side, and 2 feet 
thick on the opposite side. There are 62 tuyeres each of 1| 
inches diameter, and the air consumption is 26,000 cubic feet 
per minute. The total weight of this converter, filled with 
metal, is nearly 300 tons, and it is capable of producing 50 tons 
of copper at each pouring. 

201 Wet Copper Extraction Processes . — Upwards of half a 
million tons of iron pyrites, containing on an average 3 per cent. 

^ Mining and Scientific Press t 1912, 222. 
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of copper, are annually burnt in the sulphuric acid works of 
this country. The residual oxide of iron, known as burnt 
pyrites, or blue billy ^ is too poor in copper to render it possible 
to apply to it any of the ordinary dry-smelting operations. 


Fig. 119. 

Processes for accomplishing this end have been proposed by 
Longmaid and Henderson, and are now carried out on a large 
scale. These operations depend upon the fact that if the ground 
burnt ore be mixed with from 12 to 15 per cent, of coarsely 
crushed rock-salt, and the mixture properly calcined, the whole 





Fig. 120. 

of the copper is converted into a soluble cupric chloride. The 
roasted mass is then Uxiviated, and the copper contained in 
solution thrown down as metal by scrap-iron, any silver contained 
in the solution being previously recovered by the Claudet process 
(p. 471) as silver iodide by the addition of potassium or zinc 
iodide. The calcination is usually carried on in long furnaces 
shown in Figs. 119, and 120, the mixture of ore and salt being 
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introduced through hoppers placed above the furnace ; the tem- 
perature is kept at a dull red heat, and the mass is frequently 
stirred. The ordinary furnace charge is 3 tons 5 cwt., and the 
operation lasts about six hours. It is found that the success of 
the working of the process depends upon the relative amounts of 
sulphur and copper existing in the ore, the sulphur exceeding 
the copper by about 0*5 per cent. If the proportion of sulphur 
in the burnt ore be less than this, a sufficient quantity of raw 
pyrites must be added. During the calcination considerable 
quantities of chlorine and hydrochloric acid gases are evolved, 
together with some vapours of ferric and cupric chlorides. In 
order to prevent these noxious vapours from passing into the 
atmosphere, the exit flue from the furnace is connected with a 
wash-tower filled with open brickwork, down which a current of 
water passes. The precipitate of metallic copper, thrown down 
from the liquors by scrap-iron, contains from 70 to 80 per cent, 
of copper, and it is either smelted direct for blister-copper, or 
fused with the fine metal, CugS, of the dry process, then 
roasted, and afterwards worked up to marketable copper by the 
process already described. 

Another extraction process is that of Hunt and Douglas.^ 
According to this, the ores containing carbonates or oxides are 
simply heated, whilst those contaimng sulphides must be 
roasted, as it is necessary for the copper to be in the form of 
cupric oxide. 

The ore is then treated with a solution prepared by dis- 
solving 120 parts of common salt, or 112 parts of calcium 
chloride, and 280 parts of ferrous sulphate in 1,000 parts of 
water, and then adding 200 parts of common salt. The process 
depends upon the fact that ferrous chloride, FeClg, is thus 
formed, which in contact with common salt converts the copper 
oxides into chlorides. If cuprous oxide be present, metallic 
copper is at once precipitated . 

3 CU 2 O + 2 FeCl 2 - 2Cii -k 4CuCl FcgOg. 

Cupric oxide is decomposed as follows : 

3CuO -{- 2 FeCl 2 2CuCl 4 ^ CuClg 4- FcgO^. 

fhiprous chloride, although insoluble in water, is held in solution 
in the presence of the otlier chlorides, and then decomposed by 
iron together with the cupric chloride. 

The advantage of this process lies in its requiring smaller 
* Engineering, 1876 , 22 , 419 . 
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quantities of iron for the precipitation of the copper, since part 
of this is present as cuprous chloride. The objections are the 
formation of basic salts, the difficulty of separating the solution 
from the residue, and the difficulty of recovering any silver 
present. These objections have led to the adoption of a new 
Ilimt and Douglas process, in which the copper oxide is dissolved 
by means of dilute sulphuric acid, and ferrous or calcium chloride 
added to convert the copper into cupric chloride, sulphur 
dioxide being then forced through to precipitate the copper as 
cuprous chloride ; 

CuClg + CUSO4 i SO2 + ailsO - 2CuCl + 2H2SO,. 

The cuprous chloride is separated and treated with iron for 
the formation of metallic copper, or with milk of lime for the 
formation of cuprous oxide, which is smelted with carbon for 
the production of copper. The solution from the cuprous 
chloride precipitate is freed from sulphur dioxide by blowing in 
hot air, and is then available for dissolving a further quantity 
of ore. 

The llio Tinto process, largely employed in Spain, consists in 
preparing heaps of about 100,000 tons of ore in such a manner 
that air circulates through the material. In this way the copper 
is oxidised to sulphate, and is afterwards leached out with w’ater 
and precipitated on iron. 

The leaching of oxidised ores of copper, especially those con- 
taining carbonates, with dilute sulphuric acid, and the subsequent 
recovery of the copper by precipitation on iron or by electrolysis 
has been adopted on many mines but generally speaking has not 
been very successful. It will be realised that only ores in which 
the copper occurs in an easily soluble form, associated with 
gangue minerals little affected by the solvent are suitable for 
this process, and it may be added that cheap acid and cheap iron 
or power are also necessary. Under favourable conditions, with 
large quantities of suitable ore, capable of being mined cheaply 
and with modern plant, capable of dealing with big tonnages, 
ores containing from 0-5 to 1-5 per cent, of copper may be treated 
at a profit. 

For low grade oxidised ores associated with carbonates of lime 
and magnesia, which render them unsuitable for sulphuric acid 
leaching, solutions of ammonia together with an ammonium salt 
have been employed. The success of such a process depends on 
the following : Oxide of copper is soluble in ammoniacal solutions, 
yielding copper ammonium compounds; solutions of cupric 
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ammonium salts are capable of dissolving metallic copper, yielding 
cuprous ammonium salts which are capable of being oxidised to 
cupric ammonium salts by air or other oxidising agents ; copper 
ammonium solutions, on distillation, are decomposed yielding 
copper oxide and ammonia, which latter may be recovered and 
used again. 

The process has been applied to the treatment of old tailings 
at the Calumet and Hecla Mine,^ where solutions containing 
1 per cent, of ammonia are used for leaching. The copper- 
bearing solution is distilled, copper oxide being precipitated and 
ammonia and ammonium carbonate recovered and used for 
further leaching solution. 

Solutions of sulphur dioxide have also been used in the Neill 
process for the extraction of copper from oxidised ores or from 
roasted sulphide ores. The ground material is charged into 
wooden revolving barrels with water and sulphur dioxide is 
passed through one of the trunnions. The copper dissolves 
readily, forming copper sulphite, and the solution thus formed is 
run into vats and heated to boiling point by means of steam. 
Sulphur dioxide is expelled and from 55 to 75 per cent, of the 
copper is precipitated as hydrated cupro-cupric sulphite, which is 
washed, dried, and reduced to copper in a reverberatory furnace. 
The copper remaining in solution is recovered by means of scrap 
iron. 


Electrolytic Refining of Copper. 

202 Copper is refined on the large scale by electrolytic methods, 
this process being especially applicable in the case of impure 
copper containing silver or gold. For this purpose the copper is 
cast into suitable slabs which are placed in a wooden tank lined 
with lead, and form the anodes, thin sheets of pure copper being 
employed as cathodes ; the solution in the tank contains 5 to 10 
per cent, of sulphuric acid and 15 to 20 per cent, of crystallised 
copper sulphate. 

For the process to work successfully it is necessary to keep 
the bath acid by adding sulphuric acid from time to time, and 
to maintain the copper content by addition of copper sulphate. 
It is also necessary to keep the solution in the tanks in active 
circulation. Nearly aU the impurities, including silver, gold, 
platinum, tin, arsenic, antimony, and lead, are ultimately found 
in the precipitate or slime, which is deposited at the bottom of 
^ C. H. Benedict, Mining and Scientific Press, April, 1915. 
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the tank, whilst iron, zinc, nickel, and cobalt remain in solution 
in the liquor.^ This slime is usually worked up for the precious 
metals by treatment with sulphuric acid for the removal of the 
copper, iron, and arsenic, followed by treatment in the silver 
refinery. 


Electrotyping Process. 

203 The electrolytic method is employed, not only for the 
refining of metallic copper, but also very largely for obtaining a 
coating of metallic copper on any suitable object, the latter 
being employed as the cathode in a bath of copper sulphate 
solution, the anode consisting of slabs of metallic copper. This 
industry dates back much further than that of the electrolytic 
refining of copper; the latter being in reality an offspring of 
the electrotyping process. 

In the year 1836 De la Eue, when using a DanieU’s battery, 
observed “ that the copper plate is covered with a coating of 
metallic copper which is continually being deposited; and so 
perfect is the sheet of copper thus formed, that on being stripped 
off it has the counterpart of every scratch of the plate on 
which it is deposited.” ^ This observation was followed up by 
other physicists, and in 1839 Jacobi of St Petersburg published 
his galvano-plastic process, “ a method of converting any line 
however fine, engraved on copper, into a relief by galvanic 
process, applicable to copper-plate engravings, medals, stereotype 
plates, ornaments, and to making calico-printing blocks, and 
patterns for paper-hanging.” ® In the same year T. Spencer of 
Liverpool read a paper on the “ Electrotype Process ” to the 
Liverpool Polytechnic Society, and also in 1839 J. C. Jordan 
published results of experiments made with the same object.^ 

Electrotyping in copper has become a most important branch 
of industry, statues and other works of art being largely repro- 
duced in this way. 

For the purpose of reproducing statues, busts, and similar 
objects, casts of the original in gypsum or models in gutta- 
percha are saturated with oil, coated with graphite to give 
the surface the necessary conducting power, guiding wires con- 
nected to various parts of the surface, and the object then made 

^ Kiliani, Berg.~ und llutten, Ztg,^ 1885, 249. 

* BhxL Mag.t [3], 1836, 9, 484. * Athmeeumt May 4, 1839. 

* For a detailed account of these discoveries, see Gore’s Art of Electro^ 
Metallurgy, 
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the cathode in a bath of copper sulphate solution. When the 
coating is i\^th of an inch thick the process is stopped, the copper 
cut through in several jdaces and the plaster core extracted. 
The inner surface of the various parts is then subjected to the 
action of sulphuretted hydrogen to coat it with a thin layer of 
sulphide, and these are again placed in the copper sulphate bath as 
the cathode. As soon as the deposit on the interior is of sufficient 
thickness the parts are removed, the thin outer shell of copj)er 
is torn off, and the parts are then joined together. 

For the purpose of covering iron, an alkaline solution of 
copper cyanide in potassium cyanide is employed. On dipping 
the iron or steel article into this solution a thin deposit of 
copper is obtained, and upon this a coating of silver or gold can 
easily be deposited. For the purpose of obtaining a thicker 
deposit of copper on iron, the operation is conducted as 
described and the object then placed in a copper sulphate 
depositing bath. The solution, according to Wilde’s process, is 
maintained m a constant state of rotation, and the iron heated 
to 90° before it is placed in the warm solution of cyanide, no 
hydrogen then being liberated on the copper, so that the latter 
adheres more closely to the iron. The process is now success- 
fully applied to the economical production of coppered cast- 
iron rollers for calico-printing. When a new pattern is 
required one-half of the copper is turned off and the roller 
restored to its original thickness by electro-deposition at a 
small cost. The maintenance of the rollers to a standard size 
is a great advantage. 

204 The following table shows the amount of copper produced 
in 1918, by the chief copper-producing countries : ^ 


Africa ... 

31,110 metric tons. 

Australasia 

. 33,838 

>> 

Canada ... 

52,693 

>> >> 

Chili 

. 85,850 

>1 >> 

Germany 

. 40,000 

>> JJ 

Japan . . . . 

. 95,800 


Peru ... . . 

. 44,800 

>> >> 

Mexico 

. 75,529 

)) )J 

Spain and Portugal . 

. 41,000 

9i if 

United States .... 

. 848,203 

>) 

Other countries 

. 46,337 

»» }> 


1,395,160 

>» it 

^ Mineral Industry^ 

1010 , 28, 160. 
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205 Alloys of Copper , — Copper unites with a number of other 
metals to form alloys, many of which are of great technical 
importance. Among these may be mentioned brasses, alloys of 
copper and zinc, bronze, gun-metal and bell-metal, which are 
alloys of copper and tin, and German silver, which is an alloy of 
copper, nickel, and zinc. A description of these will be foimd 
under the metal forming the second constituent of the alloy. 

206 Properties of Copper , — Commercial copper usually con- 
tains traces of the other metals which are present in the ores, and 
in addition to these not infrequently arsenic, sulphur, and oxygen. 
Pure metallic copper is obtained either by heating the pure 
oxide in hydrogen, or by the electrolysis of a solution of pure 
copper sulphate by means of platinum electrodes. 

Copper possesses a peculiar red colour and bright metallic 
lustre. The true copper-red colour is, however, not seen by a 
single reflection, and is only observed when the light entering 
the eye has been many times reflected from the surface of the 
copper. This is well seen if a piece of straight copper foil be 
bent at an acute angle and held before the observer; the fine 
deep red copper colour is noticed near the point at which the 
two copper surfaces approach. 

Copper is found in the native state crystallised in regular 
octahedra; crystals of the same form are also foimd as an 
artificial refinery product. If a piece of phosphorus be allowed 
to remain for some months in contact with a clean copper wire 
under a solution of copper sulphate, single octahedra of 
metallic copper are formed together with copper phosphide 
(Wohler), and a similar artificial formation of crystalline copper 
is observed in Golding Bird’s decomposing cell,^ as well as in 
the cells of Meidinger’s battery. In both these cases the metal 
is deposited from solution very slowly. 

Copper is one of the toughest of metals. It is very malleable, 
and may be hammered or rolled into thin leaf (Dutch metal), or 
drawn into fine wire. After hammering it possesses a finely 
fibrous silky fracture, but very slight admixture of other metals 
makes it more brittle, and imparts to it a less distinctly fibrous 
nature. Native copper has a specific gravity of 8*94; cast 
copper, probably because it always contains small cavities, 
has a specific gravity of 8*92; rolled or hammered copper 
8*96; and pure electrolytic copper 8*945 (Hampe). Copper 
which has been distilled in a vacuum ^ has the specific gravity 

1 Phil, Trans,, 1837, 127, 37. 

* Kahlbaum, Roth, and Siedler, Zeit. anorg. Chem., 1902, 29, 177. 

VOL. II. (I.) VF 
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at 20°/4° of 8*933 and, after compression at 10,000 atmospheres, 
of 8*938. Very thin copper leaf transmits a greenish-blue light. 
When a solution of copper sulphate is allowed to remain in con- 
tact with pure zinc, pure metallic copper is deposited as a fine 
spongy mass, which after washing and drying forms a soft, 
impalpable dark-red powder. 

Copper melts at 1084*1° (Holborn and Day),^ and in the 
molten state possesses a greenish-blue colour. When heated at 
a temperature just below that of its melting point, copper 
becomes so brittle that it can be pulverised in a mortar. 
Molten copper possesses the power of absorbing sulphur dioxide 
and hydrogen, which are evolved in the form of bubbles when 
the metal cools, giving rise to the peculiar phenomenon known 
as spitting,’’ when a solid crust has already been formed on 
the surface. Spongy copper absorbs at a red-heat 0*6 times its 
volume of hydrogen, whilst copper wire absorbs 0*308 times its 
volume (Graham). Copper may be readily volatilised in an 
electric furnace, and condenses in the form of iridescent filaments 
having a red colour and a specific gravity of 8*16,^ the vapour 
forming cupric oxide in contact with air. 

If cupric oxide be reduced at 200° by means of hydrogen 
or carbonic oxide an active form of the metal is obtained 
which takes fire when brought into contact with bromine. 
The active properties are retained when the metal is kept in a 
vacuum, but disappear after hammering.® 

There is some evidence ^ for the existence of two enantiotropic 
forms of copper with a transition temperature about 72°. 

Colloidal Copper . — Copper has been obtained in the form of 
colloidal solutions in several ways. Thus the reduction of a 
solution of copper chloride by stannous chloride in the presence 
of an alkaline tartrate yields a reddish-brown solution of copper,® 
whilst by reducing ammoniacal copper sulphate with a dilute 
solution of hydrazine hydrate a solution of copper is obtained 
which is blue by transmitted light.® It has also been prepared 
by Paal and Leuze,’ by adding sodium hydroxide to a mixture of 

» Amer. J, Set., 1900, 10, 171. 

* Moissan, CompL rend.t 1905, 141, 853. 

® Colson, CompL rtnd., 1899, 128, 1458. 

* Cohen and Helderman, Proc. K. Akad. Weienach, Amsterdam, 1913, 16, 
628; 1914, 17, 60; but see also Burgess and Kellberg, J. WashtngUm Acad. 
Set., 1916, 6, 657. 

^ Lottermoser, ^nor^ant^c^ Colloide (Stuttgart, 1901), p. 61. 

* Qutbier and Hofmeier, Zeit. anorg, Chem., 1905, 44, 225. 

7 Ber., 1906, 89, 1550. 
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solutions of copper sulphate and sodium lysalbate or protal- 
bate, products of the decomposition of albumin by sodium 
hydroxide, dialysing the resulting mixture and heating on the 
water-bath with the addition of hydrazine hydrate. If a con- 
centrated solution of copper oxide is reduced in this manner 
the resulting copper solution is blue, whilst a dilute solution of 
the oxide yields a red copper solution. 

When alcohol is added to a solution of anhydrous copper 
sulphate in concentrated sulphuric acid, so as to form a separate 
upper layer, a violet zone is first formed between the two 
liquids which gradually changes to brown owing to the pro- 
duction of a solution of colloidal copper.^ Methyl alcohol, 
ether, acetone, acetic acid, and chloroform act similarly. 

Colloidal copper has also been obtained by passing an electric 
arc under water, the cathode being composed of an iron wire 
that has previously been dipped in copper sulphate.^ 

207 Metallic copper is largely used for a great variety of 
technical and domestic purposes, being especially valuable for 
its toughness. Next to silver, copper is the best conductor of 
electricity, and hence pure copper is very largely employed for 
electric light mains and submarine telegraphs. The purest 
copper must be employed, as very small quantities of impurities 
lower the conductivity to a large extent. 


COPPER AND OXYGEN. 

208 These elements form six compounds as follows : — 

Copper quadrantoxide, CU4O. 

Copper trientoxide, CU3O. 

Cuprous oxide, CugO. 

Cupric oxide, CuO. 

Copper peroxide, CU2O3. 

Copper dioxide or cupric peroxide, CuOg. 

Of these oxides the third and fourth have long been known, 
as they are formed when metallic copper is heated in the air. 
Copper scale, which falls from hot metallic copper when it is 
worked with the hammer, is a mixture of these two oxides. The 

^ A. Rassenfosso, BulL Acad, roy, Belg,, 1910, 738. Consult Grundrisa 
der Kollotd Chtniie, Wo. Ostwald (Dresden, Steinkopff, 1911); also Phyaica 
and Chemistry of Colloids^ by Emil Hatsohek (Churchdl, 1913). 

> BilUtzer, Ber., 1902, 86, 1929. 
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portion of the scale next to the metal consists of the red 
cuprous oxide, while the outside portion is composed of black 
cupric oxide. Dioscorides and Pliny mention the existence of 
the red compound, indeed they distinguished two varieties, the 
one obtained in the form of a finely divided powder by pouring 
water on to the surface of freshly melted copper, and termed 
jlos aeris^ and the other obtained as copper scale and termed 
aeris squama. The Latin Geber explained the calcination of 
copper by the combustion of the sulphur which this metal was 
supposed to contain (Vol. I., p. 5), and many later chemists speak 
of copper as being more or less calxed. It was not, however, 
until the year 1798 that Proust distinctly stated that the black 
and red calces of copper were two distinct oxidation products. 

They have the composition CU2O and CuO respectively, and 
give rise to characteristic series of salts, known as the cuprous 
and cupric salts. In addition, lower oxides of the formulae 
CU4O and CU3O, and peroxides, CU2O3 and CuOg, have been 
prepared, none of which yield salts. Hydrated mixed oxides 
of the formula) Cu302,2H20 and Cu403,5H20 have also been 
described by Siewert.^ 

Cuprous Oxule, CU2O. — This oxide occurs as cuprite or red 
copper ore, crystallising in octahedra and in other forms of the 
regular system (Class 29, p. 209) having a specific gravity of 
5-75. It possesses a bright red or brownish-red colour, 
frequently exhibiting a diamond lustre, and also occurs in the 
massive state. In the mineral chalcotrichite it forms a hair-like 
mass consisting of small cubical crystals elongated in the 
direction of one of the axes. 

Cuprous oxide may be artificially obtained by heating thick 
copper wire in a muffle for half an hour at a white heat, and 
then for some hours to dull redness; small dark crystals of the 
oxide then cover the surface of the metallic bead. It is also 
obtained by heating cupric oxide in a similar manner, but if too 
strongly heated the cuprous oxide loses a further quantity of 
oxygen. Cuprous oxide is formed on the surface of molten 
copper when exposed to the air. The metal is capable of dis- 
solving considerable quantities of this oxide, forming bodies 
which behave like true alloys. A eutectic is formed with 3-5 per 
cent, of the oxide, having a melting point of 1065°. The 
equilibrium between cuprous and cupric oxides and oxygen has 
been studied by Smyth and Roberts.^ The finely-divided copper 

" Zeit Chem., 1866 , 363 . * J. Amer. Chem. 80 c., 1920 , 42 , 2682 . 
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obtained by reducing a copper salt in hydrogen at as low a 
temperature as possible combines with atmospheric oxygen on 
exposure to the air with formation of cuprous oxide. By 
reducing an alkaline copper solution with sugar cuprous oxide 
is deposited on warming as a bright red crystalline powder. 

Cuprous oxide is also formed by the slow oxidation of the 
metal under water. Sage, in the year 1773, pointed out that 
the remains of a statue which had long lain under water were 
partially converted into this oxide, and J. Davy observed that 
an antique helmet, found in the sea near Corfu, was covered 
with crystals of metallic copper as well as of cuprous oxide. It 
has also been obtained in the crystalline state by the slow 
electrolytic decomposition of copper sulphate.^ Cuprous oxide 
is prepared on a large scale by electrolysis of a hot solution of 
sodium chloride with copper anodes enclosed in diaphragms. 
The product, which is practically anhydrous and of a beautiful 
scarlet colour, is largely used as a poisonous pigment in 
anti-fouling compositions. 

Commercial cuprous oxide has a specific gravity of from 5-34 
to 5*37, and the more finely it is divided the liner red does its 
colour become. It fuses at a red heat, and colours glass red, 
a property known to the ancients and in the middle ages. The 
knowledge of the process was, however, completely lost in later 
times, and it was not until about the year 1827 that Bontemps 
in France and Engelhardt in Germany succeeded in reviving the 
manufacture of this ancient red glass. 

Cuprous Hydroxide , — When cuprous chloride is decomposed 
by potash or soda, a yellow precipitate is produced, which was 
considered to be a partially dehydrated cuprous hydroxide, of 
the formula Cu803(0H)2 or 4Cu20,n20. When the method 
of preparation is varied, however, the amount of water present 
in the dry substance also varies, and it is therefore probably not 
a true hydroxide.^ The same yellow compound may be prepared 
electrolytically, using a platinum plate as cathode and one of 
copper as anode in a solution of potassium chloride,® or by 
adding caustic alkali to a solution of a cupric salt containing 
glucose.^ 

It absorbs oxygen readily and becomes of a blue colour when 

1 Golding Bird, Phil Trans,, 1837, 127, 37. 

2 Groger, Zeit. anorg. Chem., 1902, 31, 326. 

« Lorenz, tbid., 1896, 12, 436. See also Moser, ibid., 1919, 105, 112. 

^ Sarma, Ghent* News, 1921, 122, 99. 
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exposed to moist air. It dissolves in ammonia, as does red 
cuprous oxide, forming a colourless liquid which on exposure to 
the air quickly oxidises and becomes of a dark blue colour. 

Cuprous oxide corresponds to the series of cuprous salts 
in which each atom of copper replaces only one atom of hydrogen. 
These are mostly white salts which are insoluble in water, and 
readily oxidise to cupric salts. 

Cupric Oxide, CuO. — This substance occurs as tenorite and 
melaconite, as a dark earthy mass or in bright lustrous lamina3 
and more rarely in cubes. It can be artificially produced by 
the gentle ignition of the nitrate, carbonate, or hydroxide. 
Thus obtained it is a black hygroscopic powder which com- 
mences to decompose when heated to 1025 °, cakes together, and 
then fuses at about the melting point of copper, losing oxygen 
and forming CugO or CugO according to the temperature. 
If the amorphous oxide be ignited with five times its weight of 
caustic potash it becomes crystalline, and regular tetrahedra 
possessing a metallic lustre are formed (Becquerel). In copper 
refineries the occurrence of a crystalline oxide has also been 
observed. It is reduced by carbon at 700 °.^ When heated in 
the presence of hydrogen, carbon monoxide, marsh-gas, and other 
carbon compounds, it is easily reduced to the metallic state with 
formation of water and carbon dioxide, and hence it is largely 
used in the ultimate analysis of organic compounds. Cupric 
oxide when brought in contact with fused glass imparts to it 
a fine light green colour; this was known to the ancients as 
well as to the later alchemists, who rediscovered the fact and 
found that artificial emeralds could be prepared by means of 
copper. The writer known as Basil Valentine says, “ the 
emerald contains sulphur veneris,” and the writers of the 
sixteenth century who treat of the artificial production of 
gems all mention the fact that copper calx colours glass green. 

Cupric Hydroxide, Cu(OH) 2 , is obtained as a light blue preci- 
pitate by decomposing a solution of a cupric salt in the cold 
with an alkali. This precipitate, however, almost always con- 
tains a considerable quantity of alkali, and the hydroxide is 
obtained in a purer state by adding sal-ammoniac to the solution 
before precipitation, and then washing the precipitate well with 
warm water. It may also be obtained by passing an electric 
current through a well-stirred solution of potassium nitrate, 
using a copper plate as anode and one of platinum as cathode.^ 

^ Doeltz and Graumann, MetaUurgie, 1907, 4, 420. 

* Loienz, ZeiU anorg. Chem*p 1896, 12, 436. 
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The hydroxide, after having been dried over lime, does not 
undergo loss of water on heating to 100®> but the freshly 
precipitated compound in the presence of water undergoes 
spontaneous dehydration, slowly in the cold, very rapidly at 100"^, 
with formation of a black substance^ having the composition 
Cu403(0H)2 == Cu(OH) 2 + SCuO. This compound when kept in 
a dry vacuum continues to lose water slowly, until its com- 
position corresponds to the formula 6CuO,Cu(OH)2 (Sabatier). 
A hydrated cupric oxide of the composition 6Cu0,H20 has 
been obtained as a brown powder by the action of chlorine 
on cupric hydroxide suspended in a solution of potassium 
hydroxide.^ 

If copper hydroxide is precipitated together with a large 
excess of aluminium hydroxide,* e.g., by adding a slight excess 
of caustic soda to a solution of sulphates containing about 5 per 
cent. CuO and 95 per cent. AlgOg, a pale bluish product is obtained 
which retains its blue colour on drying at 100° and even on 
ignition in a Bunsen flame. 

Cupric hydroxide dissolves readily in aqueous ammonia, 
yielding a beautiful dark blue liquid, which is also produced 
when copper is allowed to remain in contact with aqueous 
ammonia and the liquid exposed to the air. When largely 
diluted with water or treated with strong caustic potash, cupric 
hydroxide separates out from the solution, and on heating this 
the black hydroxide is precipitated. A solution of copper 
oxide in ammonia (Schweizer’s reagent) possesses the property 
of dissolving cellulose (cotton-wool, linen, filter-paper, etc.).^ 

The above oxide and hydroxide yield the cupric salts on 
treatment with acids, the copper acting as a dyad. Many of the 
salts formed with colourless acids are colourless when anhydrous, 
but the hydrated salts are blue or green, the aqueous solutions 
having a similar colour; anhydrous cupric bromide and cupric 
chloride, however, are coloured. They combine with ammonia, 
forming compounds which dissolve in water, forming deep blue 
solutions. The soluble salts have an unpleasant metallic taste 
and an acid reaction to litmus. 

In large doses the copper salts are poisonous, causing vomiting, 
but in small doses they have very little action, the cases of 
poisoning formerly supposed to have taken place from the 

^ Sabatier, Compt. rend,, 1897, 126, 101, 301. 

2 Mawrow, Zeit, anorg, Chem., 1900, 23, 233. 

® Schenck, J, Physical, Chem, 1919, 23, 283. 

* Schweizer, J, pr, Chem,, 1857, 72, 109. 
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presence of copper in food being probably due to the presence 
of organic decomposition products.^ 

Both cupric hydroxide and the black hydroxide form basic 
salts with other copper salts, and double basic salts with many 
other metals,^ while basic salts are also known corresponding to 
the hydroxide, 6CuO,Cu(OH)2 (Sabatier). 

Copper Quadrantoxide, CU4O, is formed by careful addition of 
a solution of copper sulphate to a well cooled dilute solution of 
stannous chloride in caustic potash, the cupric hydroxide first 
formed being reduced by the stannous chloride with formation 
of the quadrantoxide and potassium stannate : ® 

4 Cu(OH )2 -h 12KOH 4- SSnClg -= 

CU4O + 6KC1 + SK^SnOa + IOH2O. 

Copper quadrantoxide is an olive-green powder which undergoes 
no change under water if the air be completely excluded. 
Exposed to air, it rapidly absorbs oxygen. The composition of 
this compound is ascertained from the action of dilute hydro- 
chloric or sulphuric acid upon it, when the following decom- 
position takes place : 

CU4O + 2HC1 - 2Cua + 2Cu + IlgO 
CU4O -f H2SO4 - CUSO4 + 3Cu + H2O. 

Copper Trienloxide, CugO, is prepared by heating cupric oxide 
at temperatures between 1500° and 2000°, as a yellowish-red 
mass hard enough to scratch glass. It is unaffected by concen- 
trated mineral acids with the exception of hydrofluoric acid, but 
is dissolved by fused caustic potash.^ 

Copper Peroxide, CU2O.3, has been obtained by the anodic 
oxidation of copper in 12-14iV'-caustic soda solutions with 
a current density greater than 0-1 ampere per sq. cm.*'* It 
has been obtained also by passing chlorine into a strong solution 
of sodium hydroxide previously saturated with copper hydroxide.® 
This oxide is yellow, is very unstable, and possesses marked 
oxidising power, decomposing hydrochloric acid, forming aldehyde 
from alcohol, and nitrite from ammonia. 

^ Lehmann, Trans. Inter. Cong. Hygiene and Demography (London), 1891, 
6,63. 

* Mailhe, Compt. rewL, 1902, 134, 42; Recoura, ibid.^ 1901, X33> 1414. 

* Rose, Pogg. Ann., 1861, 180, 1. 

* Bailey and Hopkins, Journ, Ghem. 8oc„ 1890, 67, 269. 

* E. Muller and F. Spitzer, Zeit. EleHrochem., 1907, 13, 20, 

* E. Muller, ZeiU anorg, Ckem., 1907, 64i 417» 
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Copper Dioxide, CuOgjHgO, is best obtained by allowing finely 
divided cupric hydroxide to stand with aqueous hydrogen per- 
oxide in the cold for several days, the mixture being frequently 
shaken. A crystalline precipitate is thus formed, which, after 
washing with water, alcohol, and ether at 0°, is dried in a vacuum. 
It has a yellowish-brown colour, and when moist readily decom- 
poses above 6°; when dry it does not undergo change at 170°, 
but at 180° decomposes, forming cupric oxide.^ 


Cuprous Compounds. 

209 Cuprous Hydride, {CuH)„. — This compound, discovered by 
Wurtz,^ is deposited as a yellow or reddish-brown precipi- 
tate, when a solution of copper sulphate is treated with 
hypophosphorous acid or its sodium or zinc salt at a temperature 
not exceeding 70°. At higher temperatures it decomposes into 
copper and hydrogen according to Wurtz, but according to 
Bartlett and Merrill ^ cupric hydride and hydrogen are really 
formed. It readily ignites in chlorine gas, and is decomposed 
by hydrochloric acid as follows : 

CuH-f HCl-CuCl +H2. 

Cuprous Fluoride, CuF, is best obtained by heating cuprous 
chloride in a current of hydrogen fluoride at 1100-1200°, at 
which temperature the fluoride volatilises. It forms a ruby-red 
crystalline mass, or red powder, which dissolves in boiling hydro- 
chloric acid, but, unlike cuprous chloride, is not reprecipitated 
by addition of water.^ 

Cuprous Chloride, CuCl. — This substance was first obtained 
by Boyle ® by the action of copper on mercuric chloride. 
He compared the substance thus obtained, which he found 
turned green on exposure to air, to resin or gum, and hence 
he gave to it the name of resina cupri or cuprum gumma- 
tosum, Proust obtained the same compound by the action 
of the dichloride on the salts of the monoxide, and J. Davy 
showed that cuprous chloride is formed together with the 
cupric salt when copper foil or copper filings are thrown into 
chlorine gas, when they burn with the evolution of a red 
light. If hydrogen chloride be passed over hot copper contained 

1 Kruss, Ber., 1884, 17 , 2593. * Compt. rend., 1844, 18 , 102. 

® Amer. Chem. J., 1895, 17 , 185. * Poulenc, Compt rend , 1893, 116 , 1446. 

* Constderaffop^ and Experiments nhqut the Origin of Qualities and Forms, 

1664 . 
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in a glass tutie this compound is formed, and is seen to condense 
in transparent drops (Wohler). It may readily be prepared on 
a large scale by a number of methods, all of which consist 
eventually in the reduction of cupric to cuprous chloride. For 
this purpose a mixture of copper and cupric oxide may be 
boiled with strong hydrochloric acid, or a hydrochloric acid 
solution of cupric chloride with copper; the metallic copper 
may be replaced by zinc dust or the cupric chloride by a 
mixture of cupric sulphate and sodium chloride, and the 
reduction may also be effected by sulphur dioxide. In all cases 
the cuprous chloride remains dissolved in the excess of hydro- 
chloric acid, but separates out when the solution is poured into 
a large bulk of water as a heavy white crystalline precipitate 
which may be purified by washing. It crystallises from hot 
hydrochloric acid in white tetrahedra, has a sp. gr. of 3*7, and 
melts at about 434°, solidifying to a brown mass. 

On exposure to light the moist substance quickly assumes a 
dirty violet tint, but if dried in absence of air and light, it 
only assumes a faint yellow colour on exposure. When allowed 
to remain n moist air it absorbs oxygen and is converted into 
green cupric oxychloride, 3Cu0,CuCl2,4n20,^ whilst repeated 
treatment with water in the presence of air converts it into 
cuprous oxide and cupric chloride.^ If treated with water in 
an atmosphere of hydrogen or carbon dioxide, the chlorine 
passes completely into solution and a red residue of copper and 
cuprous oxide is obtained (Groger). 

Cuprous chloride readily dissolves in ammonia, forming, if 
air be completely^ excluded, a colourless solution which rapidly 
turns blue in the air owing to the absorption of oxygen and 
formation of cupric salts; this reaction has been used as a 
means of estimating the dissolved oxygen in water.® 

Cuprous Chloride and Carbon Monoxide . — Cuprous chloride 
dissolves readily in hydrochloric acid, and this solution as well 
as the ammoniacal solution absorbs carbon monoxide, forming 
an unstable compound which separates out in nacreous scales 
when the concentrated solution is saturated with the gas, or 
when a thin paste of cuprous chloride and hydrochloric acid 
is saturated with carbon monoxide and water then added.^ 

^ Groger, Zeit. anorg. Chem., 1901, 28> 164. 

2 Lean and Whatxnough, Joum. Chem. Soc., 1898, 73, 149. 

* Ramsay and Homfray, J. Soc. Chem. Ind., 1901, 20, 1071. 

* Jones, Amer. Chem. J., 1899, 22, 287. 
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Under certain conditions, a crystallised compound corresponding 
to 2 CuC 1,C0,H20 is obtained.^ 

Cuprous Chloride and Acetylene , — When acetylene is passed 
into a solution of cuprous chloride in potassium chloride 
acidified with hydrochloric acid a red precipitate having the 
composition (CuCl)2, 02112 is formed. If the solution is neutral 
the precipitate has the composition C2H2,(CuCl)2,Cu20 or 
C2H2 [(CuC 1)4KC1]2, according to the conditions of the experiment.^ 

The solution of cuprous chloride in ammonia absorbs 
acetylene, forming a blood-red precipitate of cuprous acetylide, 
CugCa or Ca2C2,H20> which is very explosive.® On addition of 
acids to this compound it is decomposed with evolution of 
acetylene, and has been used as a means of preparing pure 
acetylene (Vol. I., p. 790). Ammoniacal cuprous chloride also 
absorbs other hydrocarbons of the acetylene series. 

Cuprous Bromide^ CuBr, is formed with ignition when 
bromine is brought into contact with copper heated below a 
red heat. It forms a brownish crystalline mass which turns 
blue on exposure to sunlight, and has a specific gravity of 4*72. 

Cupro'is Iodide ^ Cul. — This is the only known iodide of 
copper. It is obtained by the direct combination of the two 
elements when heated together, or when copper is dissolved in 
a hot concentrated solution of hydriodic acid. If potassium 
iodide be added to a solution of a cupric salt, cuprous iodide is 
precipitated, half the iodine being liberated. The production 
of iodine can be prevented by the previous addition of sulphurous 
acid or ferrous sulphate : 

2CUSO4 f 2FeS04 + 2KI - 2CuI + Fe2(S04)2 + KgSO.^. 

A convenient way of preparing cuprous iodide is to heat 
copper foil, torn into shreds, in a porcelain crucible and to add 
iodoform in small quantities at a time. A violent reaction 
takes place, violet clouds of iodine are evolved, and, on cooling, 
the copper is covered with a black scale which readily peels off, 
leaving a clean copper surface. This black scale consists of 
about 98 per cent, of cuprous iodide, and contains a little 
carbon and copper oxide."^ The copper may then be reheated 
with iodoform until all is converted into the iodide. 

1 Berfchelot, Ann. Chim. Phys., 1901, [7], 33, 32. 

2 Chavastelon, Compt. rend., 1901, 132, 1489. 

® Keiser, Amer. Ghem. J., 1892, 14, 285. See also Scheiber, Ber., 1908, 
41, 3816. 

* Lean and Whatmough, Joum. Chem. Soc., 1898, 73, 149. 
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Cuprous iodide is a white crystalline powder which undergoes 
little alteration on exposure to light, and has a specific gravity 
of 6*653 at 15°.^ It melts at 628°, solidifying again to form 
a brown mass, which yields a green powder. It is almost 
insoluble in water, 1 part dissolving in 233,000 parts of water. 
When cuprous iodide is heated with cupric chloride (or bromide) 
it is converted into cuprous chloride (or bromide).^ 

Cuprous Sulphide^ CugS, occurs in nature as chalcocite, 
copper-glance, or vitreous copper, in rhombic six-sided tablets or 
prisms having a blackish lead-grey streak and a metallic lustre, 
which is often tarnished green or blue. As produced artificially 
from copper and sulphur in the vacuum furnace, it has a specific 
gravity of 5*785, 25°/4°, melts at 1130° + 1°, and does not 
dissociate below 1200°. The sulphides formed by fusing copper 
and sulphur together under ordinary conditions are variable in 
composition and are really solid solutions of cuprous and cupric 
sulphides. Similar products result when cuprous sulphide is 
heated in hydrogen sulphide or sulphur vapour, and for this 
reason the melting points under these conditions are 1096° and 
1057° respectively. Cuprous sulphide is dimorphous, the inver- 
sion temperature being 91°.® 

The black substance left when copper is dissolved in sulphuric 
acid is stated to be cuprous sulphide.^ 

Cuprous Sulphite, CugSOgjHgO. — This salt is obtained by 
passing sulphur dioxide into a hot solution of cuprous acetate in 
acetic acid, and separates as a heavy white precipitate consisting 
of microscopic nacreous plates. It combines with the alkali 
sulphites, forming a number of double salts which are colourless 
crystalline compounds. The double salt, (NH4)2S03,2Cu2S03, 
when heated yields a bright red powder or scales of cupro- 
cupric sulphite, Cu2S03,CuS03,2H20. A dark red crystalline 
precipitate of cupro-cupric sulphite is also obtained in the Neill 
process (p. 430). 

Colourless crystals of the double salt, Cu2S03,Na2S03,12Il20, 
are deposited from aqueous solutions of cupric sulphate and 
sodium sulphite kept in a closed vessel at the ordinary tem- 
perature.® 

Cuprous Sulphate, CU2SO4, is obtained by heating powdered 

^ Spring, Rec. irav. chim,, 1901, 20, 79 

2 Barbieri, Ath R. Accad. Lmcet, 1907, [6], 6, i , 528. 

* Posnjak, Allan, and Merwin, Economic Geology, 1916, 10, 491. 

* Adie, Proc. Chem. Soc., 1899, 133. 

^ Baubigny, Compt. rend,, 1912, 154, 434, 701. 
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cuprous oxide with methyl sulphate at 160"^ until methyl ether 
ceases to be evolved : 

+ Cu,o == CU2SO4 + 

The salt is obtained as a greyish-white powder which should be 
washed in ether, excluding air, and dried in a vacuum. When 
dry, it is stable in dry air, but is immediately decomposed by 
water with the development of heat, forming cupric sulphate and 
copper. It oxidises at 200^^, yielding CuOjCuSO^.^ 

Cuprous Nitride, CugN. — Nitrogen gas does not act upon red- 
hot copper, but ammonia is decomposed into its elements when 
passed over the hot metal, the copper being rendered spongy 
and brittle, and losing its metallic lustre. This alteration in the 
metal seems to point to the formation and subsequent decom- 
position of a nitride which is only stable within a short range 
of temperature.^ The nitride may be obtained by heating 
precipitated cuprous oxide in a current of ammonia gas, when 
a dark green powder is formed which contains 93 per cent, 
of cuprous nitride.® When potassamide is added to a solution 
of copper nitrate in liquid ammonia, an olive-green precipitate 
is produced.^ If this precipitate be heated to 160® in a vacuum, 
nitrogen is evolved, and cuprous nitride remains as a black 
amorphous mass. The reaction is represented thus : 

3Cu(N 03)2 + 6KNH2 = CU3N -f 6KNO3 + 4NH3 -}- N. 

An intermediate product of the decomposition of the green 
precipitate is cuprous irnide, CU 2 NII. Potassium ammoniocupriie, 
CuNK 2,3NH3, is obtained from cuprous nitride and potassamide 
in liquid ammonia : it forms well defined colourless crystals.^ 
Cuprous nitride is decomposed into its elements at about 300®, 
whilst acids and alkalis hydrolyse it with formation of ammonium 
salts or ammonia. 

Nitrocopper, CU 2 NO 2 , a maroon-coloured powder obtained by 
passing pure and dry nitrogen peroxide over finely divided copper 
(obtained by the reduction of copper oxide) at 25-30®, has been 
shown to have no real existence, the observed phenomena being 
probably due to surface formation of anhydrous copper nitrate.® 

^ Kecoura, CompL rend., 1909, 148, 1105. 

® Beilby and Henderson, Journ. Cfiem. Soc., 1901, 79, 1245. 

® Guntz and Bassett, Ball. Soc. chim., 1906, [3], 35, 201. 

** E. F. Fitzgerald, J. Amer. Chem. 80 c., 1907, 29 , 666. 

® Franklin, J. Amer. Chem. Soc., 1912, 34, 1601. 

® Tartar and Semon, J. Amer. Chem. Soc , 1921, 43, 494; cf. Sabatier and 
Senderens, Compt, rend., 1892, 115 , 236; 1893, 116 , 756. 
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Cuprous Phosphide , — Copper and phosphorus unite to form 
cuprous phosphide, CujP, which yields a series of alloys with 
metallic copper.^ Alloys containing up to 15 per cent, of 
phosphorus may be prepared by heating copper and phosphorus 
together or by adding phosphorus to molten copper. Alloys 
containing more than 15 per cent, of phosphorus must be prepared 
in closed vessels owing to the volatility of the phosphorus. The 
compound CugP (14 per cent, of phosphorus) melts at 1022®, ^ 
and forms a eutectic with metallic copper, melting at 707® and 
containing 8*2 per cent, of phosphorus. Cuprous phosphide is 
also formed when phosphine is passed over heated cuprous 
chloride or precipitated copper at 180-200®, or over cold 
moist precipitated cuprous oxide, when it is obtained as a grey 
amorphous powder which oxidises in oxygen, very slowly at 
ordinary temperatures, rapidly and with incandescence at 100®, 
forming phosphorus pentoxide and copper.® 

A black powder of the composition Cu5P2,H20 is obtained 
when phosphine is passed into a solution of copper sulphate.** 

Cuprous Cyanide^ CuCN. — When a solution of potassium 
cyanide is added to a solution of copper sulphate a red pre- 
cipitate of cupric cyanide is first formed; when the liquid is 
boiled cyanogen gas is given off and a white precipitate of 
cuprous cyanide deposited. This same compound is formed by 
the action of potassium cyanide on cuprous chloride, and dis- 
solves in an excess of the reagent. It may also be formed by 
heating copper acetate with aqueous ammonia in a sealed tube 
for two hours at 180®, when a colourless liquid is obtained con- 
taining in suspension finely divided copper and cuprous cyanide 
in crystalline plates.® Cuprous cyanide forms a number of double 
compounds with other cyanides.® 

Cuprous Thiocyanate^ CuCNS. — Potassium thiocyanate gives 
a black precipitate of cupric thiocyanate when added to a 
solution of copper sulphate. This on long standing and washing 
is converted into white cuprous thiocyanate. If a reducing 
agent such as ferrous sulphate or sulphur dioxide be present 
the white compound is at once precipitated. This reaction is 
often employed for the quantitative separation of copper from 
other metals and also for the separation of thiocyanates. 

^ Heyn and Bauer, ZeiU ariorg, Chem,, 1907, 62, 129. 

* Huntington and Desch, Trans, Faraday Soc,, 1908, 4, 61. 

^ Rub^novitoh, Compt, rend,, 1899, 128, 1398. ^ Ibid,, 127* 270. 

* Vittenet, Bull, Soc, chim,, 1899, [3], 21, 261. 

* Grossmann and van der Font, ZeiU anorg. Chem,, 1903, 48, 94. 
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Cupric Compounds. 

210 Cufric Hydride, CuH 2 . — This compound is obtained, 
according to Bartlett and Merrill,^ by the action of heat on 
cuprous hydride. When freshly prepared it is a reddish-brown 
spongy mass, which changes after a time to a chocolate powder. 
It acts as a strong reducing agent, converting potassium 
chlorate in solution into the chloride, and the nitrate to nitrite 
and ammonia. 

Cupric Fluoride, CuFg. — When cupric oxide is dissolved in 
hydrofluoric acid and the solution evaporated, blue crystals 
having the composition CuF2,5H20,5HF separate out.^ They 
are sparingly soluble in water, and are decomposed at 100° 
with separation of the oxyfluoride, CuF(OH). When heated 
with ammonium fluoride in a current of carbon dioxide, the 
crystals yield the anhydrous fluoride as a white amorphous 
powder, which becomes crystalline at 600° in an atmosphere 
of hydrogen fluoride.^ 

Cupric Chloride, CuClg, is formed when metallic copper is 
burnt in an excess of chlorine, or when the hydrated crystalline 
chloride is heated. The anhydrous salt may be prepared by 
adding a large excess of concentrated sulphuric acid very 
slowly to a solution of cupric chloride, care being taken that the 
temperature does not rise sufficiently high to decompose the 
chloride, when it separates out as a yellow precipitate.** Cupric 
chloride prepared from copper is a dark liver-coloured powder 
which on heating is converted into cuprous chloride with 
loss of chlorine. It readily dissolves in water, forming a 
green liquid; this is obtained also by dissolving the oxide 
or carbonate in hydrochloric acid. Greenish-blue rhombic 
prisms or needles having the composition CuCl 2 , 2 H 20 separate 
out on evaporation. 

The solution saturated at 17° contains 75-6 parts of the 
anhydrous salt in 100 of water, and has an emerald-green 
colour, which on dilution with water changes to bluish-green. 
It is very deliquescent and is soluble in alcohol, the solution 
burning with a fine green flame and giving a characteristic 
channelled-space spectrum. 

^ Amer. Chem, J., 1895, 17, 186. 

^ Bohm, Zeit anorg. Ghent., 1905, 43, 326. 

® Poulenc, Compt. rend,, 1893, 116, 1446. 

* Viard, CompU rend., 1902, 186, 168. 
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Basic Cupric Chloride, or Copper Oxychloride, Cu302Cl2,4H20 == 
2CuO,CuCl2,4If2^-“" compound forms a pale blue precipitate 
when caustic potash is added to an excess of a solution of cupric 
chloride. When it is heated it loses water and is converted into 
a brown or blackish powder, and when moistened, this takes up 
three molecules of water, and changes again to a green colour. 

When a solution of cupric chloride is mixed with cupric 
hydroxide, or when caustic potash is added to the solution of 
the former salt in quantity insufficient to ensure complete pre- 
cipitation, a compound having the composition Cu403Cl2,4H20 
is thrown down. This substance occurs native in the form of 
a green sand composed of small rhombic prisms found at 
Atacama, as well as in Peru, Bolivia, and other places, and 
hence termed atacamite. According to Field, this mineral is 
at the present day being formed on the south coast of Chili 
by the action of sea-water on copper pyrites. The same com- 
pound may be artificially obtained in the crystalline state by 
heating common salt with an ammoniacal solution of copper 
sulphate to 100® (Debray), the action being : 

GNIIa + 4CUSO4 + 2NaCl -f 3H2O - 

3(NH4)2S04 + CU 4 O 3 CI 2 + Na 2 S 04 . 

This compound is also formed when a solution of copper 
sulphate is boiled with a small quantity of bleaching powder 
solution; the product obtained occurs in commerce as a light, 
bright green powder, used in the arts as a pigment, and known 
under the name of Brunswick green. On heating it loses water 
and becomes black, but regains the green colour on moistening. 
Other oxychlorides of copper also are known, some being 
minerals and others artificial products. Cupric chloride also 
unites with other chlorides, forming crystalline double salts. 

Cupric Perchlorate, Cu(C104)2, crystallises with 4H2O or SH^O 
and is very deliquescent and readily soluble in water.^ 

Cupric Bromide, CuBrg. — When cupric oxide is dissolved in 
hydrobromic acid and the solution allowed to stand in a vacuum 
over sulphuric acid, the anhydrous bromide separates out in 
dark crystals very similar to those of iodine. These are very 
deliquescent, and on heating in absence of air decompose into 
cuprous bromide and bromine. 

Cupric Sulphide, CuS, occurs in nature as covellite or indigo- 
copper, occurring sometimes in hexagonal crystals but more 
^ Salvador!, Gazz,, 1912, 42) [1]> 458. 
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frequently in the massive state as at Mansfeld, on Vesuvian lavas, 
and in Chili. It has a semi-metallic lustre and an indigo-blue 
colour, and a specific gravity of 4*6. It is prepared artificially 
by heating cuprous sulphide with flowers of sulphur to a tempera- 
ture not above that of boiling sulphur (Hittorf). It may also 
be prepared by triturating finely-powdered cuprous sulphide in 
a mortar with cold strong nitric acid until the action ceases; 
the powder is then washed, cupric sulphide remaining behind.^ 
It may likewise be obtained as a blackish-brown precipitate by 
passing a current of sulphuretted hydrogen gas into a solution of 
a cupric salt. The finely-divided moist precipitate easily oxidises 
on exposure to the air. When cupric sulphide is gently heated 
in absence of air or in a current of hydrogen, it decomposes into 
sulphur and cuprous sulphide : this method is often used for the 
estimation of the metal (Rose). 

Several poly sulphides of copper have been described having 
the formulae CugSg,^ CugSp,, CU 4 S 5 , and CugS^.® These are all 
unstable bodies, which, on keeping, slowly decompose into cupric 
sulphide and sulphur. 

Cupric Sulphate, CUSO 4 . — This salt, commonly termed 
copper sulphate, copper vitriol, or blue vitriol, has long been 
known, being found in solution in the drainage water of copper 
mines. It was for a long time confounded with green vitriol or 
iron sulphate, this being partially due to the fact that both 
frequently occur in the same drainage water, and are capable 
of crystallising together. In the works attributed to Basil 
Valentine the fact is recognised that both iron and copper 
vitriol can occur together, for he says : “ Venus and Mars can be 
brought back into a virtuous vitriol.” The alchemists frequently 
experimented on such mixed vitriols, as they believed that they 
contained the fnateria priyna employed for the preparation of 
the philosopher’s stone. Thus, in the above-mentioned work we 
read, “ where copper and iron are found together gold will not 
be far distant.” 

The artificial production of copper sulphate is first described 
by Van Helmont in 1644, who obtained it by heating together 
copper and sulphur, and moistening the residue with rain-water. 
Glauber in 1648 proved that it might be readily obtained by 
boiling copper with oil of vitriol. 

’ Faraday, Quart. Journ. Sci., 21, 183. 

^ Bodroux, Compt. rend., 1900, 130, 1397 

3 Rossmg, Zeit. anorg. Chem , 1900, 26, 407. 
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Copper sulphate is obtained on the large scale chiefly from 
copper pyrites, which is carefully roasted, the copper under 
suitable conditions being oxidised to copper sulphate, whilst 
the iron is chiefly converted into oxide. The residue is lixivi- 
ated and the copper sulphate separated by crystallisation. The 
mother-liquors contain both copper and iron sulphates, from 
wliich the copper may be precipitated by scrap iron. For 
agricultural use the presence of iron in the copper sulphate 
is not injurious, and for sulphate intended for this purpose 
the mother-liquor may be directly evaporated. The precipitated 
copper, as well as copper scale and metallic copper obtained by 
other processes or as scrap, is roasted in reverberatory furnaces, 
and the product is treated with dilute sulphuric acid. If the 
copper contains gold or silver it is treated with sulphuric acid 
mixed with its own volume of water, the silver and gold being 
left undissolved. 

Where argentiferous cop])er mattes are used, the roasted 
material is added in small quantities to sulphuric acid and digested 
until the solution contains but little free acid. Lead and gold 
remain behind as an insoluble powder, and the clear liquor is 
run into wooden tanks lined with lead, and containing strips of 
copper on which the whole of the silver and part of the arsenic 
and antimony are deposited, whilst the greater portion of the 
bismuth separates as a basic sulphate. The purified copper 
sulphate solution is then crystallised in large lead-lined coolers 
on strips of lead hung up in the liquid. 

The commercial sulphate always contains small quantities of 
iron; this may be removed by boiling the solution with a little 
nitric acid, the ferrous sulphate being thus converted into ferric 
sulphate, which remains in the mother-liquor on recrystallisation. 

Cupric sulphate is also obtained as a secondary product in 
the refining of silver; the original metal frequently contains 
copper which passes into solution with the silver on treatment 
with sulphuric acid. The silver is then precipitated in the 
metallic form by strips of copper, and pure sulphate remains 
behind. 

Copper sulphate crystallises from warm saturated solutions 
on cooling in transparent blue triclinic crystals having the 
formula CuS 04 , 5 H 20 and a specific gravity of 2-28. One 
hundred parts of water dissolve, according to Poggiale, as 
follows : 

At 10'’ 20® 30® 60® 70° 90® 100® 

CuS04,5H20 36-96 42-31 48-81 65-83 94-60 156-44 203-32 
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The salt is insoluble in absolute alcohol and only slightly 
soluble in dilute spirits. The dehydration of copper sulphate 
pentahydrate takes place in stages, a trihydrate, CuS()4,3H20, 
being known. When it is heated for some time to 100°, the 
hydrate CuS04,H20 remains as a bluish-white powder, which 
at a temperature of from 220° to 260° loses nearly all its water. 
Even at 360°, however, a small amount of water (0*04 per cent.) 
is retained ; this is lost only at a temperature at which the salt 
begins to lose sulphur trioxide (Richards). The residue at 260° 
forms a white mass which is extremely hygroscopic, becoming 
blue on absorption of water. This reaction is sometimes used 
for the purpose of ascertaining the presence of water in organic 
liquids, and also for dehydrating them. The anhydrous 
compound may be obtained in the form of grey prismatic needles 
by heating the hydrated sulphate with ammonium sulphate 
out of contact with the flame gases.^ A period of induction,^ 
interpreted in terms of the relatively high vapour pressure of 
small crystal particles, has been observed in the dehydration 
of the pentahydrate. 

The anhydrous salt is stable up to 341°, but above this tempera- 
ture evolution of sulphur dioxide begins.^ Between 34i° and 
621° small quantities of a brown oxy-salt, 8Cu0,3S03, are formed. 
Between 621° and 670° sulphur dioxide and sulphur trioxide are 
evolved and an orange-coloured oxy-salt, 2Cu0,S03, is formed. 
This orange-coloured salt begins to decompose at 704°, the 
decomposition being incomplete at 850°. 

The anhydrous as well as the hydrated sulphate absorbs two 
molecules of hydrogen chloride with evolution of heat and 
formation of cupric chloride and sulphuric acid. The same 
decomposition takes place when copper sulphate is treated with 
an excess of aqueous hydrochloric acid; the temperature falls 
and the salts dissolve with formation of a green liquid which on 
concentration yields crystals of cupric chloride. This reaction of 
copper sulphate is employed for separating hydrochloric acid 
from mixtures of gases, as, for instance, from chlorine, or from 
carbon dioxide which has been prepared by means of hydrochloric 
acid. Copper sulphate is largely used in calico-printing, and in 
the preparation of the pigments of copper, as Scheele’s green 
and emerald green. It is also used in very large quantity in the 
process of electro-metallurgy. A crude copper sulphate con- 

^ Klobb, Compt. rend.t 1892, 114 , 836. 

* Partington, Journ. Chem, 8oc„ 1911, 99 , 466. 

® VanjukofI, J, JRuss. Phys, Ckem. Soc., 1909, 41 , 688. 
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taining ferrous sulphate is used in agriculture for preventing 
“ smut ’’ in seeds. 

Copper forms a series of basic sulphates. When the normal 
sulphate is kept for several hours at a dark-red heat, an amorphous 
orange-yellow powder remains behind having the composition 

S 02 <oI which is decomposed in contact with cold 

water into copper sulphate and an insoluble green basic sulphate, 
CuS04,3Cu( 0H)2. By the action of boiling water a salt having 
the composition CuS04,2Cu(0H)2 is formed. These as well 
as other basic salts are also obtained when a solution of copper 
sulphate is treated under certain conditions with potash or am- 
monia. Some occur as minerals; thus brochantite is a native 
basic sulphate having the formula CuS04,3Cu(0H)2, and occurring 
in bright green rhombic tablets, whilst a basic sulphate of com- 
position CuS04,2Cu( 0II)2 has also been found occurring in 
nature as a mass of small green crystals.^ The former can be 
artificially prepared by allowing a piece of porous limestone to 
lie in a solution of copper sulphate. No acid sulphates of copper 
are known, the only effect of addition of sulphuric acid to the 
system CuS04~Il20 being to dehydrate the pentahydrate 
progressively to the trihydrate, the monohydrate, and the 
anhydrous salt.^ 

When a solution of copper sulphate containing sulphuric 
acid is shaken with metallic copper, some cuprous sulphate is 
formed ® and equilibrium is set up according to the equation : 

CUSO4+CU — CU2SO4. 

The amount of cuprous sulphate produced increases with the 
temperature and the concentration; thus at 100 ° in a solution 
containing originally one gram-molecule per litre of cupric 
sulphate, the concentration of the cuprous sulphate is 1/82 of 
that of the cupric salt, when equilibrium has been attained. 

A double sulphate of copper and sodium, Na2S04,CuS04,2H20, 
is known (Foote). 

Cupric Selenate, CuSe04, closely resembles the sulphate, and 
crystallises from aqueous solution as the pentahydrate, which is 
converted to the trihydrate on treatment with acetone and loses 

^ Cesaro and Buttgenbach, Ann Soc, Geol. Belgiquey 1897, 24 , Bull., p. xli. 
See also Ermen, J» Soc, Chem. Ind., 1912, 31 , 312 ; Young and Steam, J. Amer, 
Ghent. Soc., 1916, 38 , 1947. 

^ Foote, J. Ind, Eng. Ghent., 1919, 11, 629. 

3 Abel, Zeit. anorg. Ghent., 1901, 26 , 361. 
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4H2O at 104® to form the monohydrate. The salt is completely 
dehydrated at 230-235® and is then stable up to 280®.^ It 
forms with the alkali selenates a series of double salts of the type 
R2Sc04,CuSe04,6H20.2 

Cupric Nitrate^ Cu(N03)2. — In his De furnis novis philoso- 
phicis, published in 1648, Glauber mentions the fact that the 
solution of copper in nitric acid on evaporation leaves a green 
residue, and Boyle in 1664 observed that crystals could be obtained 
from the solution, and that these had the power of colouring the 
flame of a spirit-lamp green. In order to prepare copper nitrate, 
copper scale or copper oxide is dissolved in dilute nitric acid 
and the solution evaporated to crystallisation. In this way fine 
blue prismatic crystals, having the composition Cu(N03 
are obtained which melt at 114*5®, possess a caustic metallic 
taste, and cauterise the skin. This hydrate is stable in contact 
with its solution from its melting point to 24*5®, when it forms the 
hexahydrate, which in its turn passes at about -- 20® into a 
hydrate with OHgO. The hydrated salt when heated loses nitric 
acid, a basic salt of the composition Cii(N03)2,3Cu(0H)2 being 
formed. Copper nitrate is deliquescent and very soluble in 
water, and is deposited as a fine crystalline powder when its 
concentrated solution is mixed with nitric acid of specific gravity 
1*522.3 This salt, owing to the ease with which it is decomposed, 
possesses strong oxidising properties. If some crystals of it 
are wrapped up in tinfoil and rubbed, decomposition begins, 
often accompanied by a rise of temperature sufficient to cause 
emission of sparks. If a solution of copper nitrate is evaporated 
with one of ammonium nitrate, decomposition takes place at a 
certain degree of concentration attended with violent detonations. 
Copper nitrate is used as an oxidising agent in the processes of 
dyeing and calico-printing, especially in the production of 
catechu-browns and of some steam colours containing logwood. 

Anhydrous copper nitrate ^ is prepared by the action of nitric 
anhydride, or a solution of this in nitric acid, on hydrated salts 
of copper. It is a white powder, is very deliquescent, and 
decomposes at 155®. 

Cupric Nitrite, Cu(N02)2, is prepared in solution by double 
decomposition between (a) cupric sulphate and barium nitrite 

^ Dennis and Koller, J. Amer, Chem. See , 1919, 41, 949. 

* Tutton, Proc, Roy, Soc., 1920, 98, [/I], 07. 

* Cumming and Gemmell, Proc, Roy, Soc, Kdin,, 1912, 32, 4. 

* Guntz and Martin, Bull. Soc, chim., 1909, [4], 5, 1004. 
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or (b) between cupric chloride and silver nitrite. The solution 
obtained in this manner is bright grass green in colour. Accord- 
ing to Hampe,^ it evolves nitric oxide even in the cold, whilst 
Berzelius states that, it absorbs oxygen from the air and is slowly 
converted into nitrate. When the solution is evaporated under 
diminished pressure over sulphuric acid, nitric oxide is evolved ; 
the residue is insoluble in water, is bluish-green in colour, and 
consists of a mixture of nitrite and nitrate.^ 

Cvpric Phosphide^ CugPg, is formed when phosphine is passed 
over cupric chloride or when phosphorus is boiled with a cupric 
salt. It is a black powder, or, when prepared at a high tempera- 
ture, a greenish-black metallic mass, which, when ignited in 
hydrogen, is converted into cuprous phosphide. 

Normal Cupric Phosphate, Cu3(P04)2, 31120, is best obtained 
by dissolving the carbonate in dilute phosphoric acid and heating 
the solution to 70 °, when a fine blue crystalline powder is de- 
posited. On heating this with water in closed tubes it decom- 
poses into phosphoric acid and a basic salt, CuP04,Cu0H (Debray), 
or Cu3(P04)2,Cu0,n20,^ which latter occurs in nature as libethe- 
nite. The artificial compound crystallises in rhombic prisms, 
and libethenite in dark olive-green prisms having a waxy lustre. 
The same compound also occurs in the massive state. Another 
basic copper phosphate is the mineral phosphochalcite, or 
pseudomalachite; this occurs in triclinic emerald-green crystals 
having the composition P04(Cu0H[)3. Other basic phosphates of 
copper are known. 

Copper Arsenules. -Copper and arsenic combine in several pro- 
portions, whilst certain copper arsenides are found as minerals ; 
thus whitneyite, CugAs, occurs as a bluish-red or greenish- 
white amorphous or crystalline malleable substance found in 
Michigan, and also in California and Arizona. Algodonite, 
CugAs, found in Chili and Lake Superior, possesses a silver- 
white or steel-grey lustre; and domeykite, CugAs, found at 
Portage Lake, has a tin-white to steel-grey colour. According 
to Reinsch, the grey deposit obtained when metallic copper is 
placed in a solution of arsenious oxide in hydrochloric acid has 
the composition CU5AS2, and this on heating is converted into 
CugAs. When arsenic vapour mixed with carbon dioxide or some 
other inert gas is passed over copper heated to the boiling point of 

^ Annalen, 1863, 125, 345. 

2 Ray, Journ. Chem. 80 c,, 1907, 91, 1405 

® Caven and Hill, J, Soc. Chem, Ind,, 1897, 16, 29. 
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sulphur, the arsenide CugAsg is formed and this, when the 
temperature is raised, is transformed into CugAs.^ The freezing 
point curve of copper and arsenic also points to the formation 
of these two arsenides.^ When arsine is passed over dry cupric 
chloride the compound CugAsg is formed. 

CitTpric Arsenite, CuIIAsOg, was first obtained by Scheele by 
precipitating a solution of potassium arsenite with copper sul- 
phate, and is still prepared by the same process. It is a siskin- 
green precipitate, which is known as a pigment under the name 
of Sclieele^s green. The salt forms a blue-coloured solution in 
caustic potash which is quickly decomposed on heating, with 
separation of copper oxide. 

Arsenates of These salts correspond closely to the 

phosphates and several basic salts occur in the mineral kingdom. 
The ortharsenate, Cu3(As04)2,2H20, is obtained as a blue amor- 
phous powder by heating together copper nitrate and calcium 
arsenate. Olivenite, CuAs04,CuH0, crystallises in olive-green 
or brown rhombic prisms, and can be obtained artificially by 
heating a solution of the ortharsenate to 100°. 

Clinoclasite, As04(CuH0)3, forms dark green monoclinic 
prisms possessing a pearly or vitreous to resinous lustre. 

Carbonates of Copper . — We are only acquainted with basic 
copper carbonates. Of these, two occur in large quantity in the 
mineral kingdom. Malachite, CuC03,Cu(0H)2, forms mono- 
clinic, frequently twin, crystals which are rarely perfectly 
developed, simple crystals being seldom found. It also occurs 
massive with botryoidal or stalactitic surface, often fibrous and 
frequently granular or earthy. Its colour is a bright green, and 
its specific gravity varies from 3-7 to 4*01. Green malachite 
accompanies other ores of copper, occurring especially in the 
Urals, at Ohessy in France, in Cornwall and Cumberland in 
England, and at the copper mines of Nischne-Tagilsk. The 
fibrous varieties are frequently deposited in different coloured 
layers which take a high polish, and from these masses vases 
and other ornamental articles are manufactured. Crystals of 
malachite can be obtained artificially by allowing a piece of 
porous limestone to lie in a solution of copper nitrate having a 
specific gravity of 1-1, until the stone becomes covered with basic 
nitrate, and then bringing it into a solution of sodium carbonate 

' Granger, Gompt. rend., 1903, 136i 1397. 

* Richards, Ber., 1898, 31, 3163. See also Friedrich, Metallurgie, 1908, 5, 
629. 
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having a specific gravity of 1*04, when after a few days malachite 
crystals are formed (Becquerel). 

Verdigris, or copper rust, formed by the joint action of air 
and water on copper, possesses the same composition as malachite. 

Azurite or Azure Copper Ore, 2CuC03,Cu(0H)2, occurs together 
with malachite and other copper ores in shining monoclinic 
tablets or short prisms, and also as an amorphous or earthy mass 
having a dark azure-blue colour. It possesses a specific gravity 
of 3*5 to 3*83. If crystallised copper nitrate be heated with 
pieces of chalk under a pressure of from 3 to 4 atmospheres a 
crystalline warty mass of azurite is formed (Debray). Azurite 
dissolves in a hot solution of sodium bicarbonate and the solution 
on boiling deposits a green powder of malachite. 

Commercial basic carbonates of copper contain from 65 — 80 
per cent. CuO and in this respect approximate to the composition 
of azurite : they contain, however, much less carbon dioxide 
than either malachite or azurite. It is apparently impossible 
to prepare basic carbonates of definite composition by simple 
treatment of copper sulphate solution with sodium carbonate 
or sodium hydrogen carbonate. By using both precipitants and 
subjecting the precipitate to special treatment a definite basic 
salt is obtained of the composition 2CuC03,5Cu(0n)2.^ 

Silicates of Copper , — Two silicates of copper occur as minerals. 
Dioptase or euierald copper^ HgCuSiOj, is found in compact 
limestone in the Kirghese Steppes and also in Siberian gold- 
washings. It forms emerald-green hexagonal crystals (class 17, 
p. 209), having a specific gravity of 3*3. 

Chrysocolla, n2CuSi04,Il20, exists as a bluish botryoidal mass 
occurring with other copper ores. The name of chrysocolla 
occurs in old writers and serves to describe the most diverse 
bodies. The word originally was used to signify the substance 
employed for soldering gold (xpucro?, gold, and koWiko, to 
cement) ; this, being prepared from urine, was probably micro- 
cosmic salt, which became coloured blue in the act of soldering 
gold to copper or brass. The word then came to be used for any 
green or blue substance, especially such as contained copper; 
the confusion thus created was that all blue or green minerals, 
such as emerald and malachite, as well as substances which were 
employed for soldering, were termed chrysocolla. Brochant, in 

1 Dunnicliflf and Lai, Journ, Chem. Soc,, 1918, 113, 718; cf. Pickering, Proc. 
Chem, Soc.y 1909,25,188; Groger, Zett. anorg, Chem., 1900, 24, 127; Ermcn, 
J, Soc, Chem. Ind., 1912, 31, 312. 
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the year 1808, first proposed to confine the use of the name to 
this particular mineral. 

When copper oxides are heated with silica, silicates are formed. 
These are found in various slags obtained during the treatment 
of copper ores, especially in converter and refinery slags. They 
are readily reduced by carbon in the presence of oxide of iron 
and are decomposed by iron sulphide and by metallic iron at 
furnace temperatures. 


Ammoniac AL Compounds of Copper. 

21 1 By the action of ammonia on both cuprous and cupric 
salts, a large number of compounds have been obtained the em- 
pirical formulao of which show that combination has taken place 
between the copper salt and a varying number of molecules of 
ammonia. As to the manner in which the combination takes 
place, and the exact constitution of the products, very little is 
at present known, and they are usually formulated as additive 
compounds or in accordance with Werner’s co-ordination thec ry. 
Many other metals form similar series of ammoniacal derivatives, 
these being often more complex than in the case of copper, 
as for example those of cobalt and platinum. The compounds 
appear to be formed chiefly by the metals occurring in the middle 
of Mendeleev’s double periods (p. 54). 

The ammoniacal cuprous compounds are colourless when pure, 
but very readily undergo oxidation, yielding the corresponding 
ammoniacal cupric salts, which usually have a deep blue colour 
and yield solutions of the same colour. The most important of 
those are the derivatives of cupric chloride and sulphate. 

C'U'prous Ammonium Colourless crystals of the com- 

position Cu 2 S 04 , 4 NIl 3 ,Il 20 have been obtained by passing a weak 
electric current through a strongly ammoniacal solution of cupric 
sulphate.^ In moist air this substance changes rapidly to copper 
and a cupric compound. 

The compound Cu2SOj,4NIT3 is precipitated as a white cn stal- 
line powder on the addition of alcohol to a solution of cuprous 
oxide and ammonium sulphate in aqueous ammonia at 50® in 
an atmosphere of hydrogen.- 

Cupric Chloride and Ammmia , — Anhydrous cupric chloride 
absorbs ammonia, increasing in bulk and forming a blue powder 

1 Foerstor and Blankenberg, Rcr., 1906, 39, 4428. 

* Buuzat, Com ' pt . rend ., 1908, 146, 75. 
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having the composition CuClgjBNHg; this gradually dissociates 
first into CuCl2,4NH3, and then further to CuCl2,2NH3.^ 

When ammonia is passed into a hot saturated solution of 
cupric chloride a dark blue solution is formed, which, on cooling, 
deposits small dark blue octahedra or pointed tetragonal prisms 
of (mprammonmm chloride^ CuCl2,4NH3,2H20.2 It is converted 
at 160 ® into CuCl2,2NH3, which is a green powder, and on further 
heating decomposes as follows : 

6(CuCl22NH3) - eCuCl + CNH^Cl + 4NH3 + N2. 

Water converts it into cuprammonium chloride, ammonium 
chloride, and a basic cupric chloride having the composition 
CuCl2,4Cu0,r)H20. 

Cupric Sulphate and Ammonia . — When a solution of copper 
sulphate is treated with ammonia a basic sulphate is first 
thrown down. On further addition of ammonia this dissolves to 
a deep pure blue liquid containing cuprammonium sulphate, 
CuS 04,4NH3,H20, which was first described by Stisser in 1693 
as an arcanum epilepttcum, and afterwards termed cuprum 
ammomacale. In order to obtain this compound in fine crystals 
a layer of strong alcohol is poured on to the concentrated aqueous 
solution and the whole allowed to stand : in this way very long 
and thin transparent azure-blue rhombic prisms are deposited. 
These on exposure to the air lose ammonia and are gradually 
transformed into ammonium sulphate and basic copper sulphate. 
Heated gently to 150 ° an apple-green powder of the composition 
CuS 04,2NH3 is obtained. Anhydrous copper sulphate absorbs 
dry ammonia gas with evolution of heat, forming a fine blue 
powder consisting of CuS04,5NH3, which, like the foregoing 
compound, on heating to 200° forms the compound CuS04,NH3 
(Graham). 


Detection and Estimation of Copper. 

212 The halogen compounds and nitrate of copper colour the 
non-luminous gas flame green, and the same coloration is obtained 
from the other salts when mixed with a chloride or moistened 
with hydrochloric acid. 

The spectrum of this flame is a banded one containing a large 

1 Bouzat, Compt. rend., 1902, 135, 292; Ann. Chim. Phys , 1903, [7], 29, 
305. 

* Sabbatani, Ann. Chim. Farm., 1897, 26, 337. 
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number of lines, of which two in the violet, lying between the 
rubidium and cspsium lines, are the most characteristic. The 
spark spectrum of cupric chloride is also rich in lines and contains 
very bright lines in the green (Lecoq de Boisbaudran). When 
borax is moistened with any copper salt and heated in the 
oxidising flame a bead is obtained which, when hot, is green, 
and when cold possesses a blue colour; in the reducing flame, 
especially with the addition of a small quantity of tin or a tin 
compound, the bead becomes red and opacjue with separation of 
cuprous oxide or metallic copper. Copper salts are thrown 
down by sulphuretted hydrogen in the form of a brownish-black 
precipitate of cupric sulphide, CuS, which is slightly soluble in 
ammonium sulphide, but not in freshly prepared potassium or 
sodium sulphide. The precipitated sulphide dissolves readily 
in warm dilute nitric acid, forming a clear blue solution which 
assumes a fine dark blue colour on the addition of ammonia. 
Copper can also easily be detected by the reduction to the red 
metallic bead on charcoal before the blowpipe, or upon the charred 
end of a match (Bunsen’s test). 

Copper is estimated quantitatively either as oxide, sulphide, 
or metal. For the purpose of estimating it as oxide, the boiling 
solution of the copper salt is treated with a slight excess of 
pure potash or soda, the precipitate repeatedly washed by 
decantation with boiling water, then thrown on to a filter, again 
washed, dried, and ignited. 

Very satisfactory results are obtained by the electrolytic 
deposition of the metal, this method being especially advan- 
tageous where a large number of determinations have to be 
made daily, as is the case in a cojiper works. The copper 
solution may be electrolysed in a platinum basin, which acts as 
the cathode, the anode being a platinum wire. The copper is 
thus deposited on the basin; it is washed by decantation with 
water, then with a little alcohol, dried, and weighed together 
with the tared basin. By using revolving electrodes stronger 
currents may be employed and the copper obtained as a coherent 
deposit in a shorter time. 

Copper is often estimated volumetrically by adding potassium 
iodide to a solution of the sulphate, and estimating the iodine 
liberated by titration with* standard sodium thiosulphate, or by 
the titration of the ammoniacal solutions of the copper salts 
with potassium cyanide solution. 

Atomic Weight of Copper . — By the reduction of precipitated 
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copper oxide with hydrogen Berzelius ^ obtained the number 
63*30, whilst Erdmann and Marchand ^ by the same method 
obtained the number 63*46. Ilampe,^ by the reduction of the 
oxide and by the electrolysis of pure copper sulphate, obtained 
a number almost identical with that of Berzelius, viz., 63*31. 
The careful experiments of Eichards have shown that all these 
numbers are too low, the error being due to the fact that copper 
oxide contains occluded nitrogen and oxygen, and that copper 
sulphate cannot, as previously supposed, be completely de- 
hydrated at 255^. Richards therefore determined the atomic 
weight by the analysis of pure cupric bromide, the amount of 
silver required for complete decomposition of the bromide and 
also the weight of the silver bromide formed being ascertained. 
The average of the results gave the number 63*57 for the 
atomic weight of copper. From the sulphate he obtained the 
number 63*55.^ Shrimpton has determined electrolytically the 
atomic weight of copper relative to silver (107*88), obtaining a 
final mean value of 63*563, which a.grees well with the number 
63*57 now accepted (1922). 


SILVER (ARGENTUM). Ag - 107-88. At. No. 47. 

213 Silver has been known from the earliest times, and the 
oldest names by which it was designated referred to its bright 
white colour; thus in the Hebrew, Keseph, the root signifies 
to be pale, whilst the Greek word dpyvpo^, is derived from 
dpy6<;, shining. The alchemists termed silver Luna or Diana, 
and it is often represented by the symbol of the crescent moon. 

Silver occurs frequently in the native state, and is sometimes 
found in considerable quantity ; thus, in the museum at Copen- 
hagen there is a mass of native silver found at Kongsberg in 
Norway which weighs a quarter of a ton, and in South Peru 
masses have been found which weigh more than 8 cwt., whilst 
at Idaho, at the “ poor man’s lode,” large masses of native silver 
have also been obtained. Native silver usually contains gold, 
copper, and sometimes mercury and other metals. 

The most important silver minerals are : argentite or silver- 

1 Pogg, Ann , 1820, 8, 177. 

® Joum. 'pr. Chem,, 1844, 31 , 380. 

* Zett, anal. Chem.j 1873, 13 , 352. 

* Numerous papers in Chem. News, 1891-2, 63 , 66 , 66 . 

* Proc. Physical Soc., London, 1914, 26, 292. 
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glance, AggS ; pyrargyrite, ruby-silver, or dark-red silver, 
AggSbSa; stromeyerite or silver-copper glance, (Ag,Cu) 2 S; 
stephanite, Ag 5 SbS 4 ; polybasite, ( Ag,Cu) 9 (Sb, As)S6 ; chlorargy- 
rite or horn-silver, AgCl. Of less importance are proustite or 
light-red silver ore, AggAsS^, dyscrasite, Ag^Sb, silver bromide, 
Agl3r, silver iodide, Agl, and others. Silver also occurs in sea- 
water, a fact which was known to Proust in the year 1787. 

214 Melallurgy of Silver . — Metallic silver is obtained from its 
ores by four different processes; either it is alloyed with lead, 
and then the lead is removed by oxidation, or it is amalgamated 
with mercury and this removed by distillation, or it is brought 
into combination with copper sulphide by smelting with pyritic 
copper ores, and the argentiferous matte produced is treated by 
a wet method, or reduced to metallic copper which is refined 
by the electrolytic process, or lastly it is brought into solution 
as a salt and precipitated. The adoption of one or other of 
these processes depends upon the nature of the ore, the position 
of the mine, and the cost of labour, fuel, etc. 

It was by the first of these methods that the ancients ex- 
tracted silver from its ores, and this remained for long the only 
known process. Strabo describes the method adopted in Spain 
for this purpose. The washed ore was melted with lead, and 
after this was got rid of {d7ro)(^vdivTo<i rov fjioXv^Sov), the pure 
silver remained behind. Pliny also, though he did not under- 
stand the nature of the operation, states that in order to obtain 
pure silver the ore must be cupelled together with lead; con- 
cerning the silver ore he says, “ excoqui non potest, nisi cum 
plumbo nigro aut cum vena plumbi — et eodem opere ignium 
descendit pars in plumbum, argentum autem innatat, ut oleum 
aquis,” this being an indistinct statement of the mode in which 
metallic silver separates from the oxidised slag. This process 
was termed in the works attributed to Basil Valentine 
“ saigern ” or “ eliquation.’’ 

The Cu'pellation Process. -In this process the silver ores are 
first converted into an alloy of lead and silver by smelting with 
lead ores, which reduces the silver to the metallic state, the 
lead combining with it to form an alloy. The metallic lead 
obtained from galena always contains silver in small quantities, 
and from this a quantity of lead rich in silver is obtained by 
the Pattinson or Parkes process (see under Lead). To obtain 
the silver free from lead in both cases the alloy is subjected to 
the process of cupellation, the lead being oxidised to litharge, 
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that the cupel or test upon wliich the oxidation takes place is 
movable, and the lead is added at intervals. 

Fig. 121 shows a transverse section through the test, and 
Fig. 122 a plan and sections of the test and test frame of the 
English cupellation furnace. 


which is removed, leaving the silver in the metallic state. For 
this purpose there are two distinct methods employed, viz. : 
(1) the English, and (2) the German system. 

(1) The English Process , — The peculiarity of this system is 


Fig. 121. 
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The metal to be refined is placed upon the hearth, or cupel, or 
test (e), which consists of an oval wrought-iron frame (aa', 
Fig. .122) about five feet long and two and a half feet wide, 
crossed by five iron bars (a). 

Formeily this frame was filled with finely-powdered bone-ash 
moistened with a little water in which a small quantity of 
potassium carbonate had been dissolved. This was well 
solidified by beating, and scooped out until it was an inch thick 
and had the form shown in the figure. At the present time, 
barytes and cement, or various mixtures of cement and fireclay, 
are used. 



Fig. 122. 


In forming the test, a flat rim is left all round about two inches 
wide, except at one end (e, Fig. 122), called the front or breast of 
the cupel, where it is five inches wide, and through this a channel 
(g) connecting the bed of the cupel with the slot (g') is cut to 
allow the melted oxide of lead to flow out into the waggon (i) 
beneath. The cupel thus arranged is wedged up into its place 
in the furnace, of which it forms the hearth (e. Fig. 121), and 
where it is so arranged that the flame from a coal or oil fire 
plays over its surface, and the products of combustion escape 
through two flues. A blast of air from the nozzle or tuyere 
(m. Fig. 121) enters the furnace at the side opposite that against 
which the breast of the cupel is placed, a current of air being 
thus blown over the surface of the lead at the rate of about 
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200 cubic feet per minute. Opposite the door is a hood for 
carrying the fumes into the chimney. The temperature is 
gradually raised to redness, and the cupel is almost filled with 
the lead to be treated. Fresh lead is added from time to time 
to supply the place of that which is oxidised, until at length 
a quantity of lead originally amoimting to about five tons is 
reduced to between two and three cwt. This metaJ is with- 
drawn by making a hole through the bottom of the cupel ; the 
aperture is afterwards closed and another charge is proceeded 
with. When a quantity of rich lead sufficient to yield from 3,000 



Fio. 123. 


to 5,000 ounces of silver has been thus obtained, it is again 
placed in a cupel, and the last portions of lead arc removed. 
It is found advantageous to effect this final purification of the 
concentrated silver-lead separately, because in the last stages 
of the operation the litharge carries a good deal of silver with 
it; these portions of litharge, therefore, after being reduced, 
are again subjected to the desilverising process. 

(2) The German Cwpellalion Froce.??.— This differs from the 
English process inasmuch as the treatment is completed in one 
operation. The natural marl used for the hearth consists of 
about 65 per cent, of limestone and 30 per cent, of clay, together 
with 6 per cent, of magnesium carbonate and oxide of iron. 
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The hearth is made of large dimensions, and the whole of the 
charge is placed on the cnpel at once. The furnace used for this 
purpose is shown in Fig. 123. The circular cover (k) is movable 
for the purpose of renewing the cupel. When all is ready, straw 
is thrown upon the hearth, on to which the pigs of rich lead are 
placed ; the cover {k) is then lowered and the joints made good 
with clay; the fire is lighted, and as soon as the lead is melted 
its surface becomes covered with a dark crust termed ‘‘ abzug,'’ 
consisting of the oxides of foreign oxidisable metals and other 
impurities in the lead; this crust is skimmed off through the 
working door (gf); the heating is regulated so as to maintain 
the lead at a dark red heat, until the impurities cease to separate 
in the form of scum. The next product which appears is 
known as “ abstich,’' or impure litharge, and at the end of two 
hours the formation of the pure litharge begins, the temperature 
being kept up at a cherry-red heat until the operation is 
complete. Just before the last portions of lead are removed a 
beautiful appearance, known as the fulguration of the metal, is 
noticed. During the early stages of the operation the film of 
lead oxide is constantly being formed, and this is renewed as 
rapidly as it is removed; but when the lead has all been 
oxidised, the film of litharge becomes thinner and thinner, and 
as it flows off a succession of beautiful iridescent tints due to 
the colour of thin films (Newton’s rings) is observed, and after 
a few moments the film of oxide suddenly disappears and the 
brilliant surface of the metallic silver is seen beneath. 

The Mexican Amalgamation Process , — Although the ancients 
were well acquainted with the fact that mercury dissolves gold 
and silver, it does not appear that they applied this knowledge 
to the extraction of silver from its ores. "J’his was first done in 
Mexico in the year 1557 by Bartholomeo de Medina, and applied 
on the large scale in the year 156G. The same process was 
employed at Potosi in Peru in 1574, and fully described in 1590 
by Joseph Acosta, in his Historia natural y moral de las Indias, 
The identical method is still carried on to some extent in Mexico, 
Peru, and Southern Chili, but is being rapidly displaced by the 
cyanide process. The ores which are worked by this process 
contain metallic silver, sulphide of silver, chloride of silver, etc., 
these substances being distributed in small masses through 
large quantities of gangue. 

The first operation in the process is the fine division of the 
ore, which is effected by stamping and grinding mills worked by 
VOL. II. (t) hh 
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horse or mule power, and termed arrastra. Into these water 
and ore are brought and ground together to a fine mud between 
blocks of porphyry fastened to an axis which is turned by the 
mules; the wet and powdered ore is then brought on to a 
paved floor termed a patio, and mixed with from 3 to 5 per cent, 
of common salt, and the salt thoroughly incorporated with the 
mass by the treading of mules. After standing for a day, mer- 
cury is added together with a substance termed magistral, an 
impure mixture of copper and iron sulphates. As soon as the 
magistral has been added, more mercury is poured on, and the 
heap or iorta is again trodden by mules to bring about a thorough 
incorporation of the ingredients and thus to effect the chemical 
decomposition which their contact entails. The time necessary 
for working a torta varies from fifteen to forty -five days, according 
to circumstances. 

As soon as the amalgamation is found to be complete, the 
slimy mass is washed in buddies worked by mules, the lighter 
particles of mud washed away, and the heavier amalgam 
deposited. The amalgam is next filtered through canvas bags to 
remove excess of mercury, and is then distilled by being placed 
under a large iron bell luted at the bottom with water, round the 
upper part of which a charcoal fire is lighted. The silver which 
is left behind, termed plata pina, possesses a white frosted 
appearance, and is fused into bars in the usual way. 

The chemical reactions which occur in the process have been 
investigated by Boussingault, Karsten, and other chemists, but 
in spite of their investigations there still remains some degree 
of doubt respecting their exact nature. 

The following is the probable explanation of the chemical 
changes which occur. The fiist reaction is a double decomposi- 
tion between the sulphates of iron and copper and chloride of 
sodium with formation of the chlorides of the metals. These 
decompose silver sulphide with the formation of silver chloride : 

2CuCl2 + AggS = 2Cua + 2AgCl -f S. 

The cuprous chloride thus formed dissolves in common salt 
and acts further upon the sulphide : 

2CuCl + AggS - CugS -f 2AgCl. 

The solution of the silver chloride in common salt is then 
decomposed by the metallic mercury with formation of calomel 
and metallic silver. All the mercury which is thus converted 
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into calomel is lost, and it amounts to about double the weight 
of the silver obtained. 

Since 1904, the Mexican process has been largely displaced 
by the introduction of fine-grinding in tube-mills in conjunction 
with a modification of the cyanide process. 

The American or Washoe Amalgamation Process . — Owing to 
the scarcity of fuel and labour in the Nevada districts, where 
large quantities of both rich and poor silver ores occur, it is 
found impossible to work the ordinary methods, because a 
process necessitating the preliminary roasting of the ore 
cannot be carried on, and the loss of mercury in the Mexican 
process is too great to render that method applicable to the large 
quantity of poor ore which the district yields. 

This necessity has led to the invention of a process of amalga- 
mation in iron pans, which is called, from the name of the district, 
the Washoe process. The richer ores of the Nevada mines 
are roasted with common salt in reverberatory furnaces and then 
amalgamated in barrels. The poor ore, on the other hand, 
after having been stamped to powder, is ground in cast-iron 
pans together with mercury and hot water, with or without 
the addition of common salt and copper sulphate. The amalgam 
is next washed, strained in bags, and distilled in cast-iron retorts 
and the silver which remains melted and cast into ingots. The 
chemical changes which occur in this process of amalgamation 
arc similar to those taking place in the Mexican operation, but 
as the ore contains a considerable proportion of native silver, 
the presence of a copper salt is not so necessary, as under the 
influence of heat and friction mercury and iron alone are 
capable of extracting the silver. The loss of mercury in this 
method is much less than in the older amalgamation operations, 
as it is mechanical, no mercury salt being formed. 

A third amalgamation process is known as the Boss continuous 
process, in which the ore is first crushed in a stamp-mill and 
the pulp finely ground in pans. After this, it is caused to pass 
through a series of amalgamating pans, often ten in number, 
placed side by side, each pan having an overflow pipe, through 
which the pulp flows into the next one of the series. From 
these it is passed through a series of settlers arranged in the 
same manner, in which any mercury or amalgam passing over 
settles and is collected. By this process the labour of convey- 
ing the pulp to the pans is avoided, and the ore is kept in contact 
with mercury for a longer periqd. 
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215 Extraction of Silver in the Wet Way , — Of the processes 
described below, the application of cyanide solutions to the 
treatment of silver ores is the most important at the present time. 
It has been largely developed in Mexico, where it has practically 
displaced the amalgamation process and it has been used on 
an extensive scale in Nevada, Cobalt, and other places. The 
Ziervogel and Augustin processes were formerly largely used for 
the treatment of argentiferous copper mattes and ores, but are 
now used only in a few places and on a small scale, as the method 
of producing argentiferous copper from which the silver is 
obtained by electrolysis is more suitable. The Patera, Russell, 
and Kiss processes are also rapidly becoming obsolete. 

The Cyanide Process . — That metallic silver and various silver 
compounds are soluble in dilute solutions of potassium or sodium 
cyanide has been known for many years, but it is only within 
recent years that the process has been applied on a large scale 
to the treatment of silver ores. It is especially suitable for 
ores -containing chloride, bromide, iodide, or sulphide of silver, 
also for native silver, provided this is present in a finely divided 
state, and also for ores containing sulph-arsenides and sulph- 
antimonides of silver. 

In the process, the ore is first broken down in rock breakers 
and then crushed in stamp batteries (see p. 513), with sufficient 
lime to render the pulp strongly alkaline, to pass a 4- to 16-mesh 
screen. If argentiferous or auriferous pyrites be present, the 
pulp is passed over concentrating tables for the separation of 
this material, which may be smelted or cyanided separately. 
The pulp is then finely ground or slimed to 200 -mesh size in 
tube mills and the slime thickened by the separation of a 
certain amount of water. The thickened slime is then agitated 
in some form of tank by mechanical or aerial agitation for thirty - 
six hours or more with solution containing 0*3-0*6 per cent, of 
potassium cyanide, passed to vacuum filters or filter presses, and 
the solution treated with metallic zinc for the precipitation of 
the silver. The proper aeration of the solution is very important. 
Any gold which may be present in the ore is extracted at the 
same time. The solution of the silver and silver sulphide present 
takes place according to the following reactions : 

4Ag + 8KCN + 2 H 2 O +02= 4KAg(CN)2 + 4K0H 
Ag2S + 4KCN = 2KAg(CN)2 + K 2 S. 

From the second equation it will be seen that the amount of 
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silver sulphide which can be dissolved and remain in solution 
will depend upon the amount of free cyanide present, which reacts 
with the sulphide formed as follows : 

2 K 2 S + 2KCN + 0 - 2KCNS + 2 K 2 O. 

For the precipitation of the silver, the solution is either passed 
through suitable boxes containing zinc shavings, or is agitated 
with zinc dust or aluminium powder, when the following reaction 
takes place : 

2KAg(CN)2 + Zn = K 2 Zn(CN )4 + 2Ag. 

The silver precipitate thus obtained is dried in shallow pans, 
heated in a muffle furnace and melted down in crucibles with 
suitable fluxes and the silver bullion obtained is refined. 

ZiervogeVs process depends upon the fact that the silver in 
mattes containing silver, copper, and iron sulphides may be 
converted into silver sulphate by careful roasting, while the iron 
and copper are converted into oxides. The silver sulphate is 
leadily soluble in hot water and is extracted by lixiviation in 
wooden vats, the silver being precipitated from this solution in 
the metallic state by treatment with metallic copper. The 
mattes obtained from the smelting of argentiferous pyrites are 
first ground and then subjected to a preliminary roast, during 
which ferric sulphate is first formed, together with copper and 
iron oxides. When the temperature is raised the ferric sulphate 
is decomposed, sulphuric anhydride being evolved, which brings 
about the formation of copper sulphate. After about five hours 
the charge is withdrawn, and consists of a mixture of ferric 
oxide, cuprous and cupric oxides, silver sulphide, and copper 
sulphate. This charge is prepared for the “ final ’’ or “ sul- 
phating ’’ roast by fine grinding, and is charged into a gas-fired, 
double-hearthed reverberatory furnace. The temperature is 
carefully regulated so that copper sulphate is decomposed, silver 
sulphate formed, and any cuprous oxide present converted into 
cupric oxide ; the charge is then withdrawn and allowed to cool, 
and is ready for lixiviation. 

Augustiris Process . — This method was formerly employed for 
argentiferous copper regulus and for argentiferous ores. These 
are roasted to remove excess of sulphur, and then re-roasted with 
5 per cent, of common salt, the silver chloride thus formed 
extracted by a hot saturated solution of salt, and the silver 
deposited from the solution by the action of metallic copper. 
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As silver cliloride is much more easily dissolved by a solution 
of sodium thiosulphate than by brine, the Augustin process is 
only used in conjunction with the Patera process (see below), 
and is not as a rule used for working up argentiferous mattes 
or other products. 

Percy-Patera Process . — This process depends upon the following 
reactions, first suggested by Percy, and afterwards carried out 
by von Patera. The argentiferous ore is first roasted with 
common salt, by which the silver is converted into the chloride 
as in the Augustin process ; this is then dissolved out by a cold 
dilute solution of sodium thiosulphate : 

2AgCl + SNa^Oa - + 2NaCl. 

The silver in solution is precipitated by means of a solution 
of sodium sulphide, whereby silver sulphide is formed and 
sodium thiosulphate regenerated : 

Ag 2 S 203 , 2 Na 2 S 203 + Na^S - Ag^S + 3Na,S203. 

Gold, copper, and any other heavy metals in solution are 
precipitated with the silver. Only sufficient sodium sulphide to 
precipitate the metals is added, as the liquors are used over and 
over again for the extraction of fresh ore. The sulphide pre- 
cipitate is collected in a filter press, dried, roasted in a muffle, 
and charged into a bath of hot lead, the rich argentiferous lead 
thus obtained being afterwards cupelled. 

Kiss Process. -This is a modification of the Patera process, in 
which calcium hyposulphite is used as the solvent and calcium 
polysulphide as the precipitant. 

Russell Proem.— This consists in leaching the ores by a 
solution of sodium-copper thiosulphate, which dissolves any gold 
or silver in the metallic state, and any sulphide, arsenate, or 
antimonate of silver which is not readily attacked by sodium 
thiosulphate alone. It is therefore chiefly used as an auxiliary 
to the Patera process, the extraction with the thiosulphate of 
sodium solution being followed by an extraction with the 
double thiosulphate. The metah in solution are precipitated 
by means of sodium sulphide, and the precipitate treated with 
hot concentrated sulphuric acid in cast-iron vessels. This dis- 
solves the silver and copper present, leaving any gold behind. 
From the solution the silver is precipitated by means of 
copper, and the resulting copper sulphate used for making 
fresh leaching liquors. 
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Claudet's Process — The burnt pyrites of the sulphuric acid 
makers contains, as we have seen, not only copper, but also 
a small quantity of silver, which occurs in the cupreous liquors 
in the form of chloride dissolved in the excess of common salt. 
Although the quantity of silver in the burnt ore does not often 
exceed 12 dwt. to the ton, it is found possible to obtain this 
economically in the form of insoluble silver iodide by adding a 
solution of iodide of potassium, sodium, or zinc to the tank 
liquor, a small trace of gold being at the same time precipitated. 
The precipitate is reduced to the metallic state by means of 
zinc in the presence of hydrochloric acid, metallic silver being 
formed together with zinc iodide, which may be used to 
precipitate a further quantity of silver. The results obtained 
at the Widnes metal-works show that between 150 and 300 grains 
of silver and between and 3 grains of gold may be extracted 
from each ton of ordinary Spanish pyrites. 

Argentiferous Copper,- -Much silver is also obtained by the 
treatment of argentiferous copper by an electrolytic refining 
process, the copper having been reduced from argentiferous 
copper pyrites, or obtained by Bessemerising the copper mattes 
obtained from the pyritic smelting of mixtures of pyritic 
copper ores and argentiferous materials (see Copper). 

Electrolytic Refining of Silver , — Large quantities of silver are 
refined by the Moebius process, in which the electrol)^te consists 
of a silver nitrate solution containing about 1 per cent, of 
free nitric acid. Silver is deposited on the cathode and gold is 
left insoluble. Copper is not allowed to accumulate in the 
electrolyte to more than 4 or 5 per cent. 

The total production of silver during 1918 throughout the 
world is given in the following table, expressed in ounces.^ 


United States of 


China .... 

97,900 

America . 

67,810,100 

Dutch East Indies 

400,000 

Canada . 

21,284,600 

Transvaal . 

877,500 

Mexico . 

62,517,000 

Rhodesia . 

175,700 

Central America . 

2,900,000 

Congo .... 

32,500 

South America . 

15,561,000 

Spain and other 


British India . 

270,000 

European Countries 6,871,700 

Burma .... 

1,970,500 

Australasia 

10,000,000 

Japan .... 

6,626,400 




Total 197,394,900 

1 Mineral Industry, 1919, 28, 248. 



472 


THE COPPER GROUP 


The decline in the world’s production of silver since 1912, when 
it amounted to 233,000,000 ounces, has been serious. In 1916 it 
had fallen to 166,250,000 ounces, a decrease of nearly 30 per cent, 
in five years. Since then it has risen somewhat, mainly due to 
an increased production in Mexico. 

2 i 6 Preparation of Pure Silver . — The purest silver which 
occurs in commerce contains traces of other metals. Stas’s 
classical researches on atomic weight determinations have shown 
how difficult it is to obtain any substance chemically pure, 
and this fact is especially well illustrated in the case of 
silver, a metal which possesses such characteristic reactions 
that one might suppose its separation in a state of chemical 
purity to be an easy task. 

Silver was obtained by Stas in a highly pure state by the 
reduction of carefully purified silver chloride by boiling with 
sodium hydroxide solution and sugar, by reducing silver nitrate 
solution W’ith ammonium formate and acetate, and in several 
other ways. The precipitated silver was then dried by fusion 
with borax or lime. Stas’s silver, however, probably contained a 
little occluded oxygen (Richards and Wells). 

Samples of silver in a still purer state than those obtained 
by Stas have been prepared by Richards and Wells ^ for use in 
determinations of the atomic w^eights of chlorine and sodium. 
These investigators started with silver nitrate, which was puri- 
fied by repeated crystallisation from water; in one preparation 
as many as fifteen recrystallisations were performed. This was 
converted into silver chloride with pure hydrochloric acid, and 
the well- washed chloride reduced to metallic silver by warming 
with a solution of chemically pure caustic soda and invert-sugar. 
The precipitate of silver was then washed with water, dried, and 
fused on pure lime. In this way a button of extremely pure 
silver was obtained. This was then further purified by making 
it the anode of an electrolytic cell containing a concentrated 
solution of silver nitrate obtained from the same preparation 
of silver. The cathode was a wire of pure silver and upon this 
crystals of electrolytic silver were deposited. These crystals 
were dried and fused on a boat of pure lime in an atmosphere 
of hydrogen to remove any occluded oxygen. The bars of 
silver so formed were freed from lime by rubbing with sand, 
and washed, first with dilute nitric acid, then with ammonia 

* A revision of the atomic weights of sodium and chlorine; J. Amer. Chem. 
Soe., 1906, 27, 409. 
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to remove any silver nitrate, and finally with water. They 
were then dried by heating in a vacuum at 400°, in a hard 
glass tube. 

Kichards and Wells also prepared pure silver by dissolving 
commercial fine silver in dilute nitric acid, and reducing the 
nitrate, after recrystallising several times, by boiling with 
ammonium formate. The white precipitate of silver was washed 
repeatedly with water until the washings showed no Nessler 
test, and was then fused in hydrogen, rubbed with sand and 
acid, and treated as above. In all this work vessels of silver 
were used whenever possible in order to prevent contamination 
with other metals, and in other cases vessels of platinum, 
Jena glass, and fused quartz were employed. 

Pure silver is used in the laboratory for volumetric analysis and 
for cupellation assays. It is not necessary for this purpose to 
have it as pure as the metal employed for atomic weight deter- 
minations, and it may be obtained sufficiently so by boiling 
well-washed silver chloride with caustic potash and sugar. The 
metal is then melted in a crucible together with some pure 
sodium carbonate or borax. Pure silver chloride may also be 
reduced by fusion with excess of sodium carbonate or by means 
of zinc, as described below, followed by fusion. 

Molecular silver, employed in organic chemistry, is obtained, 
according to Wislicenus, by bringing zinc into contact with 
finely-divided silver chloride which has been precipitated in the 
cold and washed until nearly free from acid. In a few hours 
the chloride is completely reduced, and the precipitated silver 
may be separated from the sheet zinc by washing, and then 
treated with diluted hydrochloric acid to remove every trace of 
zinc. It is then brought on to paper and dried in the air, and 
afterwards gently heated to 150°. Thus prepared it is a grey 
powder, possessing no metallic lustre, which, however, it assumes 
when rubbed under a burnisher or heated to redness. 

217 Properties — Hilvev possesses a pure white colour, and 
takes a high polish. Of all the metals it is the best conductor 
of heat and electricity; it is very tough and malleable, since 0-1 
gram can be drawn out into a wire 180 m. in length, and silver 
leaf can be beaten out to a thickness of 0-00025 mm. In the 
finely-divided state, as obtained by the reduction of the chloride 
and’ other salts, silver presents the appearance a dull dark-grey 
powder. 

Silver is precipitated in very thin films in the form of a 
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lustrous metallic mirror-like deposit on glass from ammoniacal 
solution in presence of many reducing agents, especially organic 
substances ; it then adheres to the glass and transmits blue light. 

Metallic silver is found native in regular octahedra, which 
frequently occur twinned, and also in dendritic forms. It is 
also often found in the crystalline form in silver smelting furnaces. 
Another crystalline variety of silver has been obtained, in long 
needles belonging to the cubic system, by preparing spongy 
silver by ignition of the tartrate and digesting this with nitric 
acid freed from lower oxides of nitrogen by boiling with urea.^ 

Silver fuses at a temperature of 962° in the absence of air, 
and at 956° in the presence of air. In the liquid state it 
possesses the power of absorbing oxygen from the air, which it 
gives up on solidification. When a mass of the metal is rapidly 
cooled the silver solidifies before the oxygen has escaped from 
the interior; this gas then bursts through the crusts, and drives 
out part of the fused silver in globular masses and excrescences ; 
this peculiar phenomenon is known as the “ spitting ’’ of silver. 
When charcoal powder is thrown on the surface of the metal 
the charcoal withdraws the absorbed oxygen, and consequently 
prevents silver from spitting. The same preventive effect is 
noticed when silver is fused under common salt, but when 
fused under nitre the spitting takes place. The presence of 
small quantities of copper or lead prevents the spitting of silver. 

When silver is heated, and then allowed to cool while ozone 
is impinging on the suface, a black stain is formed, due to 
partial oxidation.^ The maximum effect is produced at 220° 
to 240°, and no stain is produced above 450°. 

Silver begins to volatilise at a white heat, and when heated 
in a lime crucible by means of the oxy-hydrogen blowpipe it 
may readily be made to boil. By this process Stas was able to 
distil fifty grams of pure silver in from ten to fifteen minutes; 
no residue whatever was left behind, and a portion of the vapour, 
which has a bright blue colour, was carried out by the current 
of oxygen gas, and rendered the air of the laboratory hazy, im- 
parting to it a metallic taste. Distilled silver has a specific 
gravity of 10*4923 (Kahlbaum, Roth, and Siedler) ; fused silver 
has a specific gravity of from 10*424 to 10*511 (Holzmann); 
whilst silver which has been exposed to pressure under the 
coining press has a specific gravity of 10*57 (G. Rose). 

^ Choudhri, J. Amer. Chem. Soc,t 1916, 37» 2037. 

* Manchot and Kampschulte, Ber,, 1907, 40, 2891. 
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Silver foil becomes slightly transparent in air at 240°, 
and more so at higher temperatures ; ^ heating, however, to 500° 
in hydrogen or charcoal powder does not produce transparency, 
showing that the presence of oxygen is necessary although the 
quantity of oxygen absorbed is very minute. 

The vapour density of silver at 2,000° has been determined 
by Nernst’s ^ adaptation for high temperatures of Victor Meyer’s 
displacement method, the bulb in which the heating takes 
place being made of iridium coated inside with a mixture of 
zirconia and yttria, and heated by means of an electric current. 
In this way the molecular weight was found to be 107 and 111; 
silver therefore at this temperature is monatomic.® 

Silver is often used in the laboratory for the preparation of 
chemical utensils, as this metal is not, like glass or platinum, 
attacked by fused caustic alkali. 

Colloidal Stiver,-- By the action of different reducing agents 
such as sodium tartrate and citrate, ferrous sulphate, dextrin, 
and tannin, on solutions of silver salts, Carey Lea ^ obtained 
a number of different precipitates which he regarded as 
allotropic forms of silver. This view has, however, proved 
incorrect, and the differences between these bodies and metallic 
silver are readily explained by their fine state of division and 
by their invariably containing small amounts of the other 
products of the reactions. The precipitates readily dissolve in 
water to form colloidal S'llrer solaliomSy or silver “ sols,” which are 
coagulated or reprecipitated by the addition of small amounts 
of electrolytes. 

Solutions of colloidal silver may also be prepared by Bredig’s 
method, which consists in passing an electric arc between poles 
of silver under water. In this way a brown solution is obtained 
which will rapidly decompose hydrogen peroxide.^ 

By heating silver nitrate with an alkaline solution of sodium 
lysalbate or protalbate, Paal ® obtained a yellow solution of 

1 Turner, Proc. Roy Soc , 1908, |.1J, 91 , 301. 

* Zeit. Eleklrochcm , 1903, 9 , 622. 

* von Wartenberg, Ber , 1906, 39 , 381. 

* Amer, J. Sa., 1889, [3J, 37 , 476; 38 , 47, 129; Phil Mag,, 1891, [5], 31 , 
238, 320, 497; 32 , 337; Ainer, J,Sci , 1894, [3], 48 , 343. See also Schneider, 
Bar,, 1891, 24 , 3370; 1892, 25 , 1164, 1281, 1440; Barus and Schneider, Zeit. 
phystkal Chein., 1891, 8 , 278; Ann. Phys. Chem., 1893, 48 , 327; Obcrbeck, 
ihid., 1892, 46 , 265, 353; 1893, 48 , 745; Blake, Amer. J. Sci., 1903, [4], 16 , 
282. 

* Bredig, Anorganische Fermente (Engolmann, Leipzig, 1901). 

« Ber., 1902, 36, 2206. 
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colloidal silver, and this on dialysing and concentrating the 
water-bath yielded a deep brownish-black powder, i^^adily 
soluble in water. This product, sometimes termed collargoi^^Qj^ 
been prepared containing as much as 93 per cent, of silver. 

Colloidal silver may also be obtained by heating silver 
nitrate solution with formaldehyde aild sodium silicate, and 
concentrating the mixture on the water-bath ; ^ also by boiling 
ammoniacal silver nitrate solution with acraldehyde and a small 
quantity of gelatin solution. By this latter method, concen- 
trated solutions of colloidal silver, having the colour of bromine, 
may be prepared which may be kept for years without losing 
their properties or changing colour ; ^ and several other methods 
of preparing colloidal silver have been published.® A simple 
one ^ is to mix solutions of silver nitrate and pyrogallol in dry 
pyridine. A pale yellow solution is thus obtained which gives 
colloidal silver on treatment with water. The colour of the 
solutions varies from yellow to orange and violet by transmitted 
light. 

All the colloidal solutions described contain small amounts 
of other substances resulting from the original reactions, which 
are “ adsorbed,” i.c., condensed on the silver particles, and cannot 
be completely removed. Even Bredig^s solutions, which are 
not produced by a reaction but by disintegration of solid silver, 
are not pure, as they always coiitain oxides. 

Investigation by A-ray methods has proved that the particles 
of colloidal silver are actually crystalline though of ultra- 
microscopic size.® 


SlLVFRING AND PlATING. 

2 i 8 Objects made of copper, or of brass, bronze, German 
silver, or similar alloy, are frequently silvered to give a bright 
and permanent surface to these metals. If ihc covering of 
silver be thick the goods are said to be plated; if thin, they 
are said to be silvered. Silvering may be effected in several 

1 Kuspert, Her , 1902, 35, 2815, 4066, and 4070. 

2 N. Castoro, Oazz., 1907, 37, 391. 

® Lottermoser and von Meyer, J. p*. Chem , 1897, 56, 241; 1898, [2], 57, 
640; Lottermoser, xhid.^ 1906, [2J, 71, 296; Cutbier and Ho/meier, Zeit, 
anorg. Chem,y 1905, 45, 77. See also an “Introduction to the Physics and 
Chemistry of Colloids,” by Emil Hatschek (J. and A. Churchill). 

* Pieroni, Gazz,, 1913, 43, i, 197. 

* Scherrer, Nachr. Qes, Wiss, Oottirtgen, 1918, 96. 
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ways, the following process, for example, being employed for 
silvering small articles such as pins, buttons, etc. For this 
purpose a solution of silver chloride in sodium sulphite or 
thiosulphate, or in common salt, or cream of tartar, is employed ; 
a warm solution is used, and the silver is instantly deposited 
upon the metallic object. 

The plaiing of copper is effected by polishing the surface of 
the ingot which is to be plated, and then placing upon it a 
strip of bright silver, the area of which is somewhat smaller 
than that of the copper; the compound ingot is then exposed 
to a temperature slightly below the fusing point of silver, and 
by hammering or rolling at this temperature the two metals are 
sweated together, as it is termed; no soldering is employed in 
this process; the ingot is then rolled until it is reduced to the 
required thickness. 

Electro-deposition of Silver —The process of electro-plating 
in silver was discovered by Wright and Parkes, of Birmingham, 
in the year 1840. They were employed during that year in 
making experiments with the view of obtaining a bright and firm 
deposit of metallic silver by an electro-process similar to that 
by which Jacobi, Jordan, and Spencer had succeeded in 
obtaining the deposition of copper. Their attempts, however, 
were not completely successful, inasmuch as they either obtained 
only a very thin coherent film or else the whole of the silver 
was thrown down in the form of a grey powder. At this 
juncture Wright met with a passage in Scheele’s Chemical 
Essays (pp. 404-406), which soon proved of the highest import- 
ance to the commercial success of this undertaking, by enabling 
him to obtain suitable deposits of silver and gold. Speaking of 
the solubility of the oxides and cyanides of gold, silver, and 
copper, Scheele says that, if these calces (that is, the cyanides 
of gold and silver) have been precipitated, and a sufficient 
quantity of the precipitating liquor be added in order to redis- 
solve them, the solution remains clear in the open air, and in 
this state the aerial acid (that is, the carbonic acid of the air) 
does not precipitate the metalUc calx.” ^ Working with this 
idea, Wright first employed a solution of chloride of silver in 
potassium ferrocyanide, and quickly got a thick deposit of firm 
and white silver, a result which had never previously been 
obtained. Soon afterwards he found that the solution of silver 
cyanide in cyanide of potassium gave still better results; and» 
1 Gore, Electro- Metallurgy, p. 19. 
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submitting his results to the well-known firm of G. E. and H. 
Elkington, a patent was taken out, and this patent process 
proved to be the foundation of all electro-plating of gold and 
silver, because it included the solutions of the alkali cyanides, 
the only liquids which fulfil all the necessary conditions. The 
silver-plating solution consists of a solution of cyanide of silver 
in cyanide of potassium, an excess of the cyanide of potassium 
being added in order that no cyanide of silver shall separate out 
on the positive pole, which always consists of silver. The 
action which takes place in this electrolysis is the same as that 
described under copper electro-plating. The negative pole is 
connected with the object to be silvered, and upon this the 
silver is deposited, whilst at the positive pole the radical 
ON combines with the silver which forms the pole, and the 
cyanide of silver thus formed dissolves in the excess of 
potassium cyanide.^ 

Silvering of Glass Specula and Mirrois , — Many organic bodies 
such as milk-sugar possess the power of precipitating silver in 
the form of a highly coherent mirror when brought into contact 
with an alkaline silver solution. 

219 Alloys of silver , — The presence of small quantities of 
other metals, such as antimony, arsenic, bismuth, tin, or zinc, 
renders silver brittle and liable to crack when rolled. The alloys 
of silver and copper are the only ones which are largely used in 
the arts. Almost all commercial silver is alloyed with copper, as 
pure silver is too soft for ordinary purposes such as coining and 
jewellery work. The addition of a small quantity of copper 
imparts to it a sufficient degree of hardness, and makes it tougher 
as well as more easily fusible. Thus, for instance, a wire of pure 
silver having a sectional area of 1 sq. cm. breaks with a weight of 
about 2,800 kilos., whereas if it be alloyed with 25 per cent, of 
copper and drawn cold, it will sustain a weight of from 6,000 to 
9,000 kilos. ; after annealing it becomes soft, and breaks with a 
weight of from 3,800 to 4,800 kilos. It has been found that 
alloys of copper and silver, however perfectly the metals may be 
mixed and melted together, undergo on solidification a process 
of segregation, the upper and the lower portions of the ingot 
differing in fineness from 0-002 to 0-015. Levol 2 has shown 
that the only alloy of these metals which does not exhibit this 

^ Further particulars respecting this interesting iiioccss will bo found in 
Gore’s Electro- Metallurgy. 

* Ann. Chim. Phys., 1849, [3], 26, 220. 
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peculiarity is one having the specific gravity 9-9045, and con- 
taining 28 per cent, of copper: this is now recognised as the 
the eutectic alloy of the series. The fineness of silver alloy is 
generally calculated upon a thousand parts; thus, for instance, 
the one above mentioned will have a fineness of 720. The colour 
of the silver-copper alloys becomes more and more red as the 
percentage of copper is increased, but an alloy of I part of silver 
and 4 parts of copper does not possess the true copper colour. 

Silver Coin , — The proportion of copper in the standard silver 
used in different countries varies considerably. The English 
standard coinage silver until recently contained 7-5 per cent, 
of copper, or had a fineness of 925, the specific gravity being 10-30. 
In France three standard alloys are employed; one containing 
900 per mille for coin; and a third containing 800 per mille for 
jewellery work. In Germany and Austria the standard for coin 
contains 900 per mille of silver. The German alloy used for 
silver-plating contains from 700 to 810 per mille of silver. 

The composition of British silver coin up to 1920 was the same 
as that issued in the time of Edward I., the alloy in this reign 
containing 925 of fine silver and being described as “ the old 
standard of England.’' 

Up to the year 1851 the manufacture of coin was entrusted to 
a private company termed the moneyers, who had to produce 
coin varying within very narrow limits, the alloy thus produced 
being compared with plates of standard silver termed “ standard 
trial plates.” Since the above year, the business of coming has 
devolved upon the Government, the Chancellor of the Exchequer 
being Master of the Mint. The ancient ceremony of the “ trial 
of the pyx ” is, however, still carried on every year. This con- 
sists in a public trial by competent assayers appointed by the 
freemen of the Goldsmiths’ Company of the com (both gold and 
silver) issued during the year. By this means the accuracy of 
the coin both as to fineness and as to weight is ascertained, and 
this trial served in former days as the only safeguard against 
debasement of the coinage. The fineness of the coins is ascer- 
tained at the trial of the pyx by reference to the trial plates 
the composition of which has been determined with the greatest 
accuracy. 

The following table gives the accurate composition of trial 
plates of various dates, portions of which have been preserved 
and analysed ^ in the Royal Mint. The plates made in former 
^ Roberts, Joum. Chem. Soc., 1874, 27, 197. 
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times, when no accurate means of analysis existed, show con- 
siderable variation in the composition of the silver standard 
plates, the standard prescribed by law being in each case the 
same, viz., 925 : 


Date 

Fineness 

1477 . . 

. 923-5 

1560 . 

. . 930-2 

1660 

. 924-2 

1728 

928-9 

1829 . . 

. 925-0 

1873 . 

. . 924-96 


Owing to the high price of silver during recent years it became 
necessary to reduce the standard of the British silver coinage 
and in 1920 a coinage was minted containing silver 500, copper 
400, nickel 100. 


COMPOUNDS OF SILVER. 

Silver and Oxyoen. 

220 Silver forms two oxides : — 

Silver oxide, AgaO. 

Silver peroxide, AgO, or Ag202. 

A third oxide, known as silver suboxide, was described by 
Wohler, 1 who obtained it by acting on different silver salts with 
hydrogen, and by heating silver citrate in hydrogen, and treat- 
ing the solution of the residue, which he supposed to contain 
silver subcitrate, with caustic potash. Further investigations 
by Bailey and Fowler ^ and by Muthmann have shown that 
such an oxide does not exist, the substance thus described 
being a mixture of silver and silver oxide.® The peculiar red 
colour of the supposed solution of silver subcitrate is due to very 
finely divided silver. 

Stiver Oxide, AggO. — This is the best defined oxide of silver 
and is obtained by precipitating silver nitrate with pure potash 
or soda. Thus prepared it forms a brown precipitate, which 
when dried at a temperature of from 60° to 80°, becomes almost 

^ Annalen, 1839, 30, 1. 

* Jmrn, Chem, Soc., 1887, 51, 416. 

® See also Lewis, J, Amer, Ohem. 8oc,, 1906, 28, 139; Luther and Pokomy, 
Zeit. anorg. Chem., 1908, 67, 290. 
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black. When freshly precipitated silver chloride is boiled with 
an excess of caustic potash the same oxide is obtained in the 
form of a finely divided bluish-black powder. It is soluble in 
15,360 parts of water at ordinary temperatures,^ imparting to 
the solution a metallic taste and an alkaline reaction. In the 
moist condition it absorbs carbon dioxide from the air, whilst 
carbonic oxide reduces the dried oxide at the ordinary tempera- 
tures with formation of silver and carbon dioxide.^ 

It decomposes soluble chlorides with formation of silver 
chloride, and precipitates the corresponding oxides from solutions 
of many metallic salts. When heated to 250° it begins to 
decompose, and it loses the whole of its oxygen at 300°. It is 
reduced by hydrogen at the ordinary temperature in the presence 
of a trace of water,® but large quantities of water retard this 
reaction. When rubbed in a mortar with antimony sulphide, 
arsenic sulphide, milk of sulphur, amorphous phosphorus, tannic 
acid, or other easily oxidisable substances, ignition takes place. 
It is dissolved by ammonia, the solution on exposure to air 
yielding fulminating silver, a black explosive compound which 
has the composition NAgg (p. 494).^ 

Silver oxide corresponds to the only well-defined series of 
silver salts, which may frequently be obtained from it by the 
action of the corresponding acid, but are usually formed by 
double decompositions, as most of them are insoluble in water, 
the principal exceptions being the nitrate and fluoride, which 
are readily soluble, and the sulphate and nitrite, which are 
sparingly soluble. The salts with colourless acids are usually 
colourless, but a few, such as the bromide, iodide, phosphate, and 
arsenate, are coloured. The soluble salts have a neutral reaction 
and an unpleasant metallic taste, and are poisonous. Many silver 
salts, such as the sulphate and thiosulphate, are isomorphous 
with the corresponding salts of sodium and lithium. 

Silver Peroxide, AggOg. — In 1804 Kitter obtained a black 
crystalline powder by passing an electric current between 
platinum electrodes through an aqueous solution of silver 
nitrate. This substance, which separated out at the anode in 
small octahedra, was found to give off oxygen when heated, and 
was for a long time considered to be silver peroxide. 

^ Tjevi, Oazzn, 1901, 31 , ii, 1. 

* Dejust, Compt. rend., 1905, 140 , 1250. 

® Kohlschiitter, ZeiU Elektrochem., 1908, 14 , 49. 

* See also Matignon, Bull. Soc. chim., 1908, [4], 3, 618. 
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Subsequent analyses,^ however, have shown that it contains 
nitrogen and has the constant composition represented by the 
formula Ag^NOn, and the name of silver peroxynitrate is generally 
given to it. It has been pointed out, however, that when the 
assumption is made that the nitrate in the precipitate is present 
as silver nitrate, the results indicate that the oxide present has 
the formula and the compound is best represented as 

^AgaO^jAgNOs-* Black powders are also obtained by the 
electrolysis of solutions of other salts of silver ; thus the sulphate 
yields silver peroxysulphate,* 5Ag202,2Ag2S07, whilst silver 
fluoride gives the peroxyfluorides,^ AgijFgOig, and Ag^FOg. 

Silver peroxide has also been obtained as a black precipitate 
by the action of potassium persulphate solution on silver nitrate 
or silver sulphate,® whilst it is stated to be formed when ozone 
acts on silver oxide and on silver (see p. 474). 

The black substance, stated by Wohler to be prepared by 
the electrolysis of dilute sulphuric acid, using a silver anode, is 
probably not the peroxide, but the peroxysulphate. 

Silver peroxide, as prepared from the peroxynitrate, is a grey 
powder of specific gravity 744 (Watson). It may be heated 
to 100° without decomposition, but at higher temperatures is 
decomposed into its elements, whilst when heated with dilute 
sulphuric acid it evolves half its oxygen, silver sulphate being 
formed. When treated with ammonia, nitrogen is hberated,'^ in 
an amount corresponding with the equation : 

6Ag202 4* 2NH3 = 3 Agj 03 -}- Ng 4* SHgO. 

The oxide AgjOg has, however, not yet been isolated. 

^ Mulder and Heringa, Jiec. trav, chim.y 1896, 15 , 1 and 235; Mulder, Rcc, 
frav. chim., 1896, 16 , 57; 1903, 22 , 235 and 405; §ulc, ZetU anorg. Chem., 
1896, 12 , 89 and 180; 1900, 24 , 305; Watson, Joum, Chem. Soc , 1906, 89 , 
578; Barbieri, Atti It, Accad, Liricei, 1906, [5], 15 , i, 500. 

* Baborovsky and Kuzma, Zeit. phystkal, Chem., 1909, 67 , 48 See also 
Zett. Elelctrochem., 1908, 14 , 196. 

® Brown, J, Physical Chem,, 1916, 20, 680. 

* Mulder, Proc, K, Akad, Wetensch. Amsterdam, 1898; Bee, trav, chm., 
1900, 19 , 115. 

® Tanatar, Zeit, anorg, Chem,, 1901, 29 , 331. 

* Marshall, Proc, Boy, Soc, Edm,, 1900, 23 , 163; 1902, 24 , 88; Journ, 
Chem, Soc,, 1891, 59 , 771. 

’ Watson, Journ, Chem, Soc,, 1906, 89 , 578. 
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Silver and the Halogens. 

221 Silver Subjluoride, AggF, is obtained as a bronze-like 
crystalline powder by heating a saturated solution of silver 
fluoride with metallic silver, and is reconverted into these by 
the addition of an excess of water.^ According to Vanino and 
Sachs, 2 however, it is not a true compound, but a mixture of 
silver fluoride, silver, and silver oxide in varying proportions. 

Silver Fluoride^ AgF. — Hydrofluoric acid does not act upon 
metallic silver, but the fluoride is obtained by dissolving silver 
oxide or carbonate in aqueous hydrofluoric acid and evapor- 
ating to dryness. If the solution be allowed to evaporate in a 
vacuum, colourless, lustrous, deliquescent, tetragonal pyramids 
are deposited, having the composition AgF,H20 (Marignac), 
whilst the concentrated solution when allowed to stand exposed 
to the air deposits hard transparent prisms of the compound 
AgF, 2 H 20 , which are nearly as deliquescent as calcium chloride. 
Under the influence of light, solutions of silver fluoride are 
decomposed with the formation of silver subfluoride and silver 
peroxide.^ It is extremely difficult to obtain silver fluoride in 
the anhydrous state. The hydrate, AgF,H20, decomposes when 
dried in a vacuum, and yields a brown amorphous mass which 
still contains 1*5 per cent, of water, and dissolves in 0*85 part 
of water at 15-5^, When heated to the melting point of lead in a 
covered crucible, 0*5 per cent, less than the calculated quantity 
of water is given off, together with some hydrofluoric acid and 
oxygen : 

4AgF + 2 H 2 O = 4Ag + 4HF + Og. 

Tliis decomposition goes on until all the water is driven off and 
the salt melted, and from this point it can be heated in 
absence of air up to the melting point of silver without any 
further decomposition taking place."^ The fused salt solidifies 
to a black mass which is elastic and may be cut with scissors. 
In the fused state it conducts electricity without decomposition. 
The dry powder absorbs 844 times its volume of ammonia. 

It has been proposed to employ silver fluoride, under the 
name of tachyol, for the disinfection of drinking water.^ 

^ Guntz, Compt. rend , 1890, 110, 1337. 

* Zeit, anal. Chem., 1911, 50, 623, 

* Eisenroich, Zeit. physikal. Ghem.y 1911, 76, 643. 

* Gore, Phil. Trans., 1871, 161, 321. 

* Patem6 and Cingolani, Qazz„ 1907, 37, 1313. 
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Silver Chloride, AgCl, occurs as the mineral chlorargyrite or 
horn-silver, which crystallises in octahedra and other forms of 
the regular system, but is more frequently found as a massive 
wax-like mass, which generally has a pearl-grey colour, though 
sometimes it possesses a whitish and sometimes a violet-blue 
colour. It occurs at Andreasberg, mixed with alumina, as an 
earthy mass which is called butter-milk ore, and this ore was 
known to the older mineralogists. Gesner, in 1565, terms horn- 
silver Argentim cornu pellucido simile, and Matthesius, in 
his Berg-Postilla, published in 1585, terms it “ glass-ore, 
transparent like horn in a lantern.’* The largest masses are 
brought from Peru, Chili, and Mexico, and the mineral also 
occurs in Cornwall, in Nevada, where it is abundant, in Arizona, 
and other localities. The method of preparing silver chloride 
artificially was probably known to the old alchemists, but it is 
first distinctly mentioned in the works of ‘‘ Basil Valentine,” 
who says : “ Common salt throws down }) .” This precipitate 
was afterwards termed Lac argenti, and when it was found that 
it was fusible, and solidified to a transparent horn-like mass, 
the name Luna cornea, first mentioned by Croll in 1608, was 
given to it. Libavius stated that the substance obtained by 
precipitating silver solution with common salt weighed less 
than the silver itself, but this statement was contradicted by 
Boyle ; and Kunkel, in liis Laboratorium Chymicum, speaking of 
this, says that many substances are difficult to separate from 
one another : “ Such is seen in j cornea, as 12 loth } retain out 
of the common salt, 4 loth terra and salt.” This determination 
is in fact nearly correct, for 12 parts of silver form 15*94 parts 
of silver chloride. 

Silver chloride is formed, without the phenomenon of incan- 
descence, when chlorine is passed over silver at a dull red heat 
(Stas). It is also formed by the action of hydrochloric acid on 
the ignited metal, whilst on the other hand hydrogen is able to 
reduce silver chloride to the metal (Boussingault). Aqueous 
hydrochloric acid converts the surface of metallic silver into 
chloride of silver, and common salt solution acts in a similar 
way. Proust examined some piasters which had for many years 
lain at the bottom of the sea, and he found that the whole of 
the silver was converted into chloride. In order to prepare pure 
chloride of silver a solution of the nitrate is precipitated by 
hydrochloric acid or common salt; in this way a white curdy 
precipitate is obtained which, on standing, or more quickly on 
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agitation, becomes powdery. This precipitate must be washed 
and dried in absence of light. It has a specific gravity of 6*5. 
On heating, silver chloride assumes a yellow colour and melts 
at 460°, forming a dark yellow liquid. This solidifies on cooling, 
forming a botryoidal, colourless, tough, solid mass which refracts 
light strongly, and is so soft as to take impressions of the nail. 

Silver chloride and sodium chloride when melted together 
and cooled, form brittle, crystalline masses which are homo- 
geneous^; the melting points vary from 460° (AgCI) to 792° 
(NaCl), showing that the salts form an unbroken series of mixed 
crystals. 

Silver chloride volatilises at a white heat, the vapour density ^ 
agreeing approximately with the formula AgCL 

According to Stas,^ fused chloride of silver is absolutely in- 
soluble in water at the ordinary temperature, or at any rate its 
solubility does not reach the limit of our present tests for 
chlorine, which Stas places at 1 in 10,000,000. In boiling water, 
on the other hand, it is appreciably soluble. 

The freshly precipitated curdy chloride is slightly soluble in 
cold water, but the solubility becomes less when the precipitate 
has become powdery by standing or shaking, measurements of the 
electrical conductivity showing that this form dissolves to the 
extent of 0*00152 gram * at 18°, and 0*0218 gram ^ at 100° in 
1 litre of water. The solution becomes opalescent on the 
addition of either silver nitrate or hydrochloric acid. The 
presence of nitric acid does not affect the solubility of the curdy 
chloride, whereas the solubility of the powdery form increases 
proportionally to the amount of nitric acid added : 100,000 parts 
of concentrated nitric acid dissolve 2 parts of the freshly pre- 
pared silver chloride (Thorpe) ; on boiling, it is decomposed into 
nitrate with evolution of chlorine. One part of silver chloride 
dissolves in about 200 parts of concentrated hydrochloric acid, 
and in 600 parts of the acid diluted with an equal bulk of 
water. Soluble chlorides, such as sal-ammoniac and common 
salt, dissolve silver chloride tolerably easily, and it is very 
soluble in ammonia, 12*88 parts of aqueous ammonia of specific 
gravity 0*89 dissolving 1 part of silver chloride (Wallace and 


^ Botta, Centr, Min., 1911, 138. 

^ Biltz and Meyer, Berichte, 1889, 22» 725. 

® Compt, rend. 1871, 73, 998. 

* Kohlrausoh and Bose, Zeit. physikal, Ghent., 1893, 12, 242. 
^ Bottger, Zeit. phyaikal. Ghent., 1906, 56, 83. 
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Lamont). It is likewise dissolved in quantity by mercuric 
nitrate, sodium thiosulphate, and potassium cyanide. 

Various metals, such as iron and zinc, reduce the chloride to 
the state of metal in the presence of water, more rapidly in 
presence of hydrochloric acid and sulphuric acid. It is also 
decomposed by mercury when a solution of common salt is 
present. Cold sulphuric acid does not act upon it, but it is 
decomposed slowly, though completely, by the boiling acid with 
evolution of hydrochloric acid.^ Concentrated hydriodic acid 
converts it with evolution of heat into silver iodide (Devillc), 
and if moist, freshly precipitated chloride be treated with a 
solution of bromide of potassium, or iodide of potassium, it is 
completely converted into silver bromide or iodide.^ 

White silver chloride, obtained by precipitation, when exposed 
to light, is first coloured violet, then brownish-grey, and after- 
wards black. This alteration in colour was known to Boyle,® 
who, however, ascribed it to the action of the air. Scheele ^ 
afterwards proved that it was only discoloured on exposure to 
light, and he also showed that in this reaction hydrochloric acid 
was liberated and that on treating the residue with ammonia, 
black flakes of silver remained behind. 

It has been shown by Abney and by Baker that the pure dry 
chloride does not blacken when exposed to light in a vacuous 
tube, in perfectly dry oxygen, or under pure carbon tetrachloride 
in the absence of oxygen. Baker ^ has also shown that not only 
is chlorine lost when the chloride blackens, but that oxygen is 
at the same time absorbed, an oxychloride of silver, AggClO, 
being probably formed. The amount of silver chloride which 
undergoes this change is, however, extremely small, even when 
a large quantity is exposed for a long period. The blackening 
is accelerated by the presence of substances which are capable 
of taking up chlorine, such as water, silver nitrate, stannous 
chloride, &c., and retarded by such as readily give up 
chlorine, such as chlorine water and ferric chloride. 

Sonstadt® states that hydrogen peroxide is always formed 
when light acts on silver chloride. The same chemist finds that 
if silver chloride be sealed up in a tube and blackened by expo- 

^ Sauer, ZeiL anal, Chem., 1873, 376. 

* Field, Joum, Chem, Soc., 1858, 234. * Op. 1, 760. 

* Von der Luft und dem Fever, Leipzig, 1784, p. 64. 

^ Joum. Chem, Soc., 1892, 41, 728. See also Hartung, ibid., 1922, 121> 688. 

® Proc. Chem. Soc., 1898, 371. 
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sure to light, a reversion to white silver chloride takes place 
when the tube is kept in the dark : whereas if the products of 
decomposition of the chloride by light are removed by sealing 
up calcium chloride and ammonia in another part of the tube 
containing the silver chloride, no bleaching of the blackened 
compound takes place in the dark. 

Silver Chloride and Ammonia, — Glauber states that a calx is 
formed when silver solution is precipitated by common salt, and 
he adds that the calx ‘‘ readily dissolves in spirihc urince, salis 
armoniaci, cornu Cervi, succini, fuliginis et capillorum, and may 
be used to form a good medicament.’’ Faraday ^ first obtained 
a compound by the direct union of ammonia and silver chloride 
by saturating dry precipitated silver chloride with ammonia; 
100 grains or 6-48 grams absorbed 130 cubic inches or 2*13 litres 
of the gas. The absorbed ammonia is again given off at 37*7'^ 
(Faraday). When heated in a closed tube for the purpose of 
obtaining liquid ammonia, the compound fuses between 88"* 
and 95°, swells up, and begins to boil at 99°, losing ammonia 
and gradually becoming white. Two compounds are formed by 
the direct union of ammonia with silver chloride; AgCIjSNHg, 
which has a dissociation pressure of 618 mm. at 15°, and 
2AgCl,3]SIH3, the dissociation pressure of which is 38*3 at the 
same temperature.^ 

When a solution of silver chloride in concentrated ammonia 
is rapidly evaporated, silver chloride crystallises out in glittering 
octahedra, but if it be allowed to evaporate at ordinary temper- 
atures over quicklime, the compound 2AgCl,3NH3 separates out 
in colourless, birefractive prisms which are not affected by light.® 
On the other hand,^ a solution of silver chloride in liquid 
ammonia, when evaporated at — 40° to — 20°, deposits long 
colourless needles of the composition AgCl,3NIl3. 

Bodlander and Fittig® have shown that solutions of silver 
chloride in ammonia contain the silver almost exclusively as the 
complex Ag(NIl 3 ) 2 Cl, although the solid in contact with the 
solution has the formula 2AgCl,3NH3. 

Silver Bromide, AgBr, occurs in Chili and Mexico as the 
mineral bromargyrite, being usually found in small yellow or 

* Quart. Journ. of Science, 1818, 5> 74. 

Horstmann, Ber., 1876, 9, 766. 

® Jarry, Ann. Chim. Phi/s., 1899, [4], 17, 327. 

* Jarry, Compt. rend., 1897, 124, 288. 

® Zeit. phyatkal. Chem., 1902, 39, 697. See also Straub, ihid., 1911, 77, 331. 
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greenish masses, rarely crystalline. The mineral embolite is 
a mixture of silver chloride and bromide, varying from 25 to 
75 molecular percentage of silver bromide. It likewise occurs 
in Chili and Mexico, and is very similar to the foregoing 
mineral. When an excess of silver nitrate is precipitated in 
the dark with hydrobromic acid, a white curdy precipitate 
is obtained which in contact with potassium bromide, or on 
heating, becomes yellow. It melts at 426°, and is soluble in 
a hot solution of hydrobromic acid, and in a solution of mer- 
curic nitrate, separating out in octahedra from these solutions 
on cooling. The solubility of silver bromide in water has been 
determined by electrical conductivity measurements, and has 
been found to be 0*107 mgrm. per litre at 21°,^ and 3*7 mgrm. at 
100°.2 

Silver bromide is scarcely soluble in dilute ammonia, but 
easily soluble in concentrated ammonia; it melts, on heating, 
to a reddish liquid which solidifies to a yellow lustrous mass, 
and the latter, when heated in a current of chlorine, is 
slowly converted into chloride. The finely divided precipitate 
suspended in water is instantly decomposed by chlorine, and 
hydrochloric acid gas also decomposes it at 700° with evolution 
of hydrogen bromide. It is soluble in sodium thiosulphate, the 
saturated solution corresponding to a double salt containing five 
molecules of silver bromide to nine molecules of crystallised thio- 
sulphate. This salt exists only in solution, and on evaporation, 
or when precipitated with alcohol, yields ® 

2Na2S203,Ag2S203,2H20. 

Whilst the fused bromide is hardly acted upon by light, the 
precipitated salt is soon coloured a greyish- violet on exposure to 
light; if, however, it contains a trace of free bromine, it is un- 
acted on. The action is also lessened by the presence of nitric 
acid, whilst it is increased by the presence of silver nitrate. 
The darkening on exposure to light is accompanied by loss of 
bromine and formation of metallic silver.^ 

Stas® described several varieties of this salt which differ in 
their behaviour towards light. 

^ Kohlrausch and Dolozalok, Sitzungsber. K. Akad. Wtss, Berlin, 1901, 
1018. 

* Bottger, Zeit, physikal. Chem., 1906, 56, 83, 

® Lumi^re and Seyewetz, Bull, Soc, chtm,, 1907, [4], 1, 946. 

^ Hartung, Journ, Chem, 8oc., 1922, 121, 682. 

« Ann, Chtm, Phys,, 1874, [5], 3, 289. 
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Dry silver bromide absorbs no gaseous ammonia^; on the 
other hand, the ammoniacal solution deposits on standing white 
glistening crystals, and these on heating lose ammonia,^ whilst 
liquid ammonia below 4° converts silver bromide into a white 
substance, AgBr,3NH3. This loses ammonia at 4°, yielding 
another white substance of the composition 2AgBr,3NH3, which 
gives off ammonia at 35°, silver bromide being left.® 

Silver Iodide^ Agl. — This salt occurs as iodargyrite in 
Mexico, Chili, Spain, and in the Cerro Colorado Mine in 
Arizona, in the form of slightly elastic hexagonal tablets. Silver 
combines directly with iodine on heating. The metal also dis- 
solves in hydriodic acid, with violent evolution of hydrogen, and 
if the liquid be warmed as soon as the action becomes lessened, 
the evolution again increases, and, on cooling, colourless crystal- 
line scales separate out. These on exposure to air decompose 
quickly, and probably possess the formula AgI,HI. The 
mother-liquor on standing deposits thick hexagonal prisms of 
silver iodide.^ The same compound is formed by the action of 
concentrated hydriodic acid on silver chloride, and the iodide 
is also produced by the treatment of silver chloride or bromide 
with aqueous potassium iodide or other soluble iodides, silver 
iodide being deposited as a light yellowish powder. It is 
dimorphous and melts at 556°, forming a yellow liquid, which 
on further heating becomes red and then dark reddish-brown, 
and on cooling solidifies to a soft yellow mass having a specific 
gravity of 5-687 at 0° (Deville), whilst the crystalline variety has 
at 14° a specific gravity of 5-669, that of the precipitated salt 
being 5-596 (Damour). An interesting fact with reference to the 
abnormal expansion and contraction of silver iodide by heat has 
been observed by Fizeau®; it contracts when heated from 
— 10° to + 70°, and expands on cooling. This is explained by 
Rodwell,® by the fact that silver iodide exists in two modifications. 
Fizeau, however, determined the coefficient of expansion of three 
different varieties of silver iodide and found it to be negative in 
each case, and G. Jones,^ from a study of the free energy of 
formation of silver iodide, concluded that the affinity of the 

^ Eammclsberg, Pogg. Ann., 1842, 55, 246. 

* Liebig, Schwetggers Joum., 48, 103. 

® Jarry, Compt, rend., 1898, 126, 1138. 

* Deville, Compt. rend., 1861, 32, 894. 

* Compt. rend., 1867, 64, 304. 

« Ghem. News, 1876, 31, 4. 

’ J. Amer. Chem. 8oc., 1909, 31, 191. 
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silver and iodine increases with rising temperature, which tends 
to cause a diminution in volume. 

Measurements of the electrical conductivity of the solution 
show that silver iodide dissolves in water to the extent of 0*0035 
mgrm. in a litre.^ 

Pure silver iodide is left unaltered by the action of direct 
sunlight. If, however, it be precipitated from an excess of 
silver nitrate so that traces of this salt are carried down with it, 
it becomes coloured green on exposure to light, and in presence 
of more silver nitrate a deep greyish-black colour is attained 
although no loss of iodine is observed (Stas). Iodide of 
potassium, and nitric acid (specific gravity 1*2) have the 
power of reproducing the yellow colour. The changes effected 
by light upon silver iodide are brought about chiefly in the 
presence of substances which have the power of combining with 
a portion of the iodine. Ammonia changes the yellow colour 
of silver iodide to white and dissolves it very sparingly; it 
differs from the chloride and bromide of silver, inasmuch as it is 
only sparingly soluble even in concentrated ammonia, one part 
of the iodide dissolving, according to Wallace and Lament, in 
2493 parts of ammonia of specific gravity 0*89 ; its solubility in 
aqueous ammonia, however, increases appreciably with rise of 
temperature.^ 

It is readily soluble in liquid ammonia, and if the solution be 
allowed to evaporate at —40'^ to — 10°, white crystals of AgljNIIa 
separate out.® This substance evolves ammonia at 4°, yielding 
the white compound, 2 AgI,NH 3 , which is also formed by the 
action of ammonia gas on dry precipitated silver iodide, and 
on exposure to air gives ofi its ammonia. 

Silver iodide is tolerably soluble in a strong solution of 
potassium iodide, from which solution it is precipitated by the 
addition of water, whilst a hot solution of potassium iodide, 
saturated with silver iodide, deposits, on standing, white 
needles of a salt having the composition AgI,KI. When silver 
iodide is gently heated in chlorine gas it decomposes into silver 
chloride, and the same reaction takes place when it is treated 
with dry hydrogen chloride at 700° (Hautfeuille). It is only 

^ Kohlrausch and Dolezalek, Sitzungaher, K. Akad, Wtsa. Berlin^ 1901, 
1018. 

* Baubigny, CompL rend., 1908, 146, 1263. 

® Jarry, Ann. Chim. Phys., 1899, [7], 17, 327. 

* Rammelsbcrg, Pogg. Ann., 1839, 48, 170. 
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incompletely reduced in a current of hydrogen even when 
exposed to a white heat (Vogel). 

Silver Chlorite^ AgClOg, is obtained by precipitating a weak 
alkaline solution of a chlorite with silver nitrate. If forms 
a crystalline substance which separates from a solution in hot 
water in crystalline scales. These deflagrate when moistened 
with concentrated hydrochloric acid, or when heated to 105°; 
they also take fire when mixed with sulphur (Millon). 

Silver Chlorate, AgClOg. — This salt is obtained when chlorine 
is passed into water through which silver oxide is diffused, 
until bubbles of oxygen are evolved; the chloride of silver is 
filtered off and the liquor evaporated to its crystallising point. 
Silver chloride and hypochlorite are first formed; part of the 
latter, according to Forster and Jorre,^ is then hydrolysed to 
hypochlorous acid, and this reacts with the silver hypochlorite 
to form silver clilorate and chloride. 

The chlorate may also be obtained by dissolving silver oxide 
in chloric acid, the action being accompanied by evolution of 
heat. It crystallises in white, opaque, tetragonal prisms, having 
a specific gravity of 4*43. These dissolve in about 10 parts of 
cold water, and melt at 230° ; when further heated to 270°, they 
give off oxygen and a trace of chlorine. When mixed with 
sulphur it detonates with the utmost violence on friction. 


Silver and Sulphur. 

222 Silver Sidphide, AggS, occurs as argentite, or vitreous 
silver. The occurrence of this ore was known to Agricola : 
“ Argentum rude plumbei coloris et galenae simile.'’ This im- 
portant silver ore, occurring in blackish-grey crystals belonging 
to the regular system, occurs widely distributed, but is found 
especially in the Erzgebirge, in Hungary, in Norway near 
Kongsberg, in the Altai, in the Urals, in Cornwall, Bolivia, 
Peru, Chili, Mexico, and in Nevada, at the Comstock lode. 
This compound occurs in the Erzgebirge in two distinct forms ; 
one of these is termed daleminzite, and the other acanthite, 
the first of these being isomorphous with chalcocite. Argentite 
can be obtained artificially by igniting silver chloride in a 
current of sulphuretted hydrogen. Silver sulphide is also 
formed when silver is heated with sulphur or sulphuretted 
hydrogen, and forms the yellow or brownish stains which are 

1 J, pr. Chem., 1899, [2], 69, 637; see also Vol. I., p. 360. 
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formed on articles of silver on exposure to the air (Proust). 
Sulphuretted hydrogen produces in solutions of silver a blackish- 
brown flocculent precipitate of silver stdphide which is soluble 
in hot nitric acid, and is converted into silver chloride when a 
solution of copper chloride in the presence of common salt is 
added to it. 

Silver Disulphide, AggSg, has been prepared by adding a 
solution of sulphur in carbon disulphide to a solution of silver 
nitrate in benzonitrile. It is a brown amorphous powder which 
oxidises very rapidly when moist, and is converted into silver 
sulphate by shaking with water and air. When heated in the 
air it melts to a red liquid and gives off sulphur and sulphur 
dioxide, metallic silver being left.^ 

Silver Sulphite, AggSOg, is a white curdy precipitate almost 
insoluble in water or sulphurous acid. It was supposed to 
decompose when heated to 100° into silver, silver sulphate, and 
sulphur dioxide, but Baubigny^ has shown that only a small 
proportion is decomposed in this manner, more than 80 per cent, 
being converted into dithionate, thus : 

2Ag2S03 = AgjSaOe + 2Ag, 

and that it is only at a much higher temperature that silver 
sulphate and sulphur dioxide are produced from the dithionate. 

Normal Silver Sidphate, Ag 2 S 04 . — This substance was 
obtained in solution by Glauber, for he states in this De furnis 
novis philosophicis (1648) : ‘‘ Dissolve rasuram J) in a rectified oil 
of vitriol, with the addition of a sufficiency of water, but not so 
much as in the case of Mars or Venus. Or, still better, dissolve 
a calx of ]) which is precipitated from aqua fortis, either by 
copper or by spirits of salt.’’ 

It is best obtained by heating the reduced metal with sulphuric 
acid, or by dissolving the carbonate in dilute sulphuric acid. 
It forms small, lustrous rhombic crystals, which are anhydrous, 
and isomorphous with anhydrous sodium sulphate ; ® it has 
a specific gravity of 5-4, and dissolves to the extent of 0-77 part 
at 17°, 1-46 parts at 100°, in 100 parts of water. In consequence 
of the sparing solubility of the salt, it is obtained as a precipitate 
when sulphuric acid or a soluble sulphate is added to a silver 
solution, and this fact was known to Boyle.^ It is easily soluble 

^ Hantzsch, Zeit. anorg, Chem,, 1898, 19, 104. 

* CompL rend., 1909, 149, 735, 858. 

* Mitscherlioh, Pogg. Ann., 1827, 12, 138. 

^ ** Considerations and Experiments touching the Origin of Qualities and 
Forms,’* Boyle, Op, 3, 66. 




SILVER AND SULPHUR 


493 


in water containing sulphuric acid, and still more soluble in 
nitric acid, and also dissolves readily in strong sulphuric acid, 
being precipitated from this solution on the addition of water. 
It fuses at a dark-red heat and decomposes at a very high 
temperature into metal, oxygen, and sulphur dioxide. When 
dissolved in less than three parts of sulphuric acid, light yellow 
prisms of hydrogen silver sulphate, HAgS04, are obtained. 

According to Carey Lea,^ a double salt of silver sulphate and 
a lower sulphate, having the formula Ag4S04,Ag2S04,H20, 
is obtained by the reduction of silver nitrate, phosphate, or 
carbonate with hypophosphorous acid in presence of sulphuric 
acid; it forms a pale brown powder which is permanent in the 
air and does not evolve sulphuric acid even at a dull red heat. 
It always contains about 2 per cent, of phosphoric anhydride, 
which cannot be removed even by treatment with strong 
sulphuric acid. 

Silver Thiosulphate, AggSgOs, is obtained by gradually 
adding a moderately dilute solution of silver nitrate to an 
excess of concentrated solution of sodium thiosulphate, washing 
the precipitated grey mixture of thiosulphate and sulphide with 
cold water, extracting the thiosulphate with ammonia, precipi- 
tating it as quickly as possible by exact neutralisation with 
nitric acid, and quickly drying it by pressure between filter 
paper.2 It forms a snow-white powder, having a sweet taste; 
it is slightly soluble in water, and when moist easily decomposes 
into sulphuric acid and silver sulphide (Rose) : 


Ag2S203 + HgO == AggS -f- H2SO4. 

Silver Sodium Thiosulphate, AgNaSgOg, was discovered by 
Herschel, and may be obtained by evaporating a solution of 
silver chloride in aqueous sodium thiosulphate until it crystal- 
lises. It is, however, best prepared by adding a neutral solution 
of silver nitrate to a solution of sodium thiosulphate, until a 
permanent precipitate is produced. The solution is then 
filtered and alcohol added, when the salt is precipitated in 
silky laminae (Lenz). Its solution, evaporated in a vacuum, 
deposits tabular crystals of the salt. It is soluble in water and 
possesses a sweet taste (Herschel). A saturated solution of 
silver chloride in sodium thiosulphate corresponds to the formula 
2Na2S203,Ag2S203,2H20, and this solution deposits a salt 

1 Amer, J. Scu, 1892, [3], 44 , 322. 

* Herschel, Edin, PhtL Joum,, 1819, 1, 26; 2, 164. 
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corresponding to the formula Na2S203,Ag2S203,2H20.^ A 
number of double thiosulphates of silver and potassium are also 
known.2 


Silver and the Elements op the Nitrogen Group. 

223 Silver Nitride^ NAgg. — This compound, usually known as 
Berthollet’s fulminating silver, was first obtained by this 
chemist in 1788 by the action of ammonia on the silver 
oxide prepared by precipitating a silver solution with lime 
water. It is a black powder which, especially in the dry state, 
explodes most violently on the slightest percussion, or even on 
touching with a feather. Great care is necessary in working 
with ammoniacal solutions of silver oxide, and such solutions 
should not be kept.^ Raschig^ has shown that the compound 
has the composition NAg3, but it is usually mixed with a certain 
quantity of metallic silver. In some cases the powder was also 
found to contain hydrogen, and had then the formulae NHAgg. 
A yellow nitride of silver is stated to be formed when magnesium 
nitride and silver nitrate are gently heated together in a sealed 
tube. It is decomposed by water with formation of silver oxide 
and ammonia.''* 

Silver Amide, AgNHg, is formed as a white precipitate when 
a solution of potassamide in liquid ammonia is added to 
excess of silver nitrate dissolved in the same solvent. It is 
soluble in solutions of ammonium salts in liquid ammonia, 
darkens on exposure to light, and when dry readily explodes.® 
The amide dissolves readily in a solution of potassamide in 
liquid ammonia to form 'potassium ammonoargentate, AgNH*K, 
which crystallises with one molecule of ammonia.'^ 

Silver Azoimide, AgN3, is obtained by the addition of silver 
nitrate to a solution of azoimide or one of its soluble salts. It 
forms minute prisms, which are insoluble in water and readily 
explode with extreme violence. 

Silver Hyponitrite, Ag2N202, is a yellow precipitate which is 

1 Lumiere and Seyewetz, Bull, Soc. chtm., 1907, [4], 1, 946. 

* Rosenheim and Steinhauser, Zeit, avorg Chem., 1900, 25, 72. 

® 8ce Matignon, B 21 II. Soc, chim., 1908, [4], 3, 618; also Sieverts, Zeit, 
angew. Chem,, 1909, 22, 6. 

* Annalen, 1886, 233, 93. 

® Smits, Bee, trav, chim., 1896, 15, 136. 

® Franklm, J. Amer. Chem, Soc,, 1903, 27, 820. 

’ Franklin, J. Amer. Chem. Soc,, 1915, 37, 847, 862. 
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deposited from ammonia in small yellow crystals.^ It is 
sparingly soluble in water, and when moist slowly decom- 
poses at ordinary temperatures. When pure it does not explode 
when heated, but decomposes into nitrogen, oxides of nitrogen, 
silver nitrate, and silver,^ 

Silver Nitrite, AgNOg. — This substance was first obtained by 
Proust, who regarded it as the nitrate of silver suboxide, having 
obtained it by boiling a solution of silver nitrate with the 
powdered metal. It is best prepared by mixing lukewarm 
solutions of 24 parts of silver nitrate and 15 parts of potassium 
nitrite. On cooling, silver nitrite separates as a white crystal- 
line powder which may be readily filtered. It is less soluble in 
cold water than silver sulphate, but dissolves more readily in 
hot water with partial decomposition. When slowly deposited, 
it forms long, acicular, rhombic crystals. 

When heated, silver nitrite decomposes without fusion at 180°,^ 
according to the following equations: — AgNOg = Ag + NOg; 
Ag -f 2NOg - AgNOg + NO ; AgNOg + NOg = AgNOg + NO. 

The double nitrites, Na2Agg(N02)4; KgAg2(N02)4,H20; and 
BaAgg(NOg) 4 ,HgO, have been described.^ 

Silver Nitrate, AgNOg. — This salt was obtained in the crystal- 
line form by Geber : “ Dissolve ]) calcinatam in aqua dissolutiva, 
quo facto, eoque earn in phyala, cum longe collo, non obturate 
ori per diem solum, usque quo consumetur ad ejus tertiam 
partem aquae, quo peracto pone in loco frigido, et devenient 
lapilli ad iiiodmn crystalli fusibiles.’’ At the end of the seven- 
teenth century, Angelus Sala directed the attention of the iatro- 
chemists to this salt, known as crystalli dianae or mayisteriiim 
argefiiti, to which, when cast into sticks, the name of Ixx'pis infernahs 
or lunar caustic was given. 

Silver nitrate is obtained on the large scale by dissolving silver 
in dilute nitric acid, and occurs in commerce both in crystals and 
cast into sticks (lunar caustic). It crystallises in transparent 
rhombic plates (Fig. 124), having a specific gravity of 4-328 
(Schroder) and melting at 209°, solidifying on cooling to a white, 
fibrous, crystalline mass. It is dimorphous, passing into a 
hexagonal modification at 159°.® It possesses an acrid, metallic 

^ Krischner, Zeit. anorg, Chem., 1898, 16, 424. 

2 Divers, Journ, Chem. Soc., 1899, 76, 95. 

® Divers, Proc. Chem. Soc., 1906, 281; see also Oswald, Compt. rend., 1911, 
152, 381. 

^ Oswald, Ann. Chim., 1914, [9], 1, 32. 

* Compare Guinchant, Compt. rend., 1909, 149, 569. 
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taste, and acts as a violent poison, blackening and destroying 
organic matter, but it does not blacken in the air except in contact 
with organic substances. When it is wrapped up in paper for 
some time it gradually decomposes, leaving a residue of metallic 
silver, and at a red heat it yields nitrogen peroxide, oxygen, 
and metallic silver.^ 

One hundred parts of water dissolve as follows : ^ 

At 0® 20° 60° 80° 100° 110° 

AgNOg 115 215 400 660 910 1110 parts. 

The aqueous solution has a neutral reaction. If ammonia be 
added to a solution of silver nitrate until the precipitate first 
formed redissolves, and this solution be then allowed to evaporate 
fine bright rhombic prismatic crystals having the composition 
AgN 03 , 2 NH 3 are deposited. These do not give off ammonia 

at 100"^, but when more strongly 
heated they melt, evolving nitrogen 
and ammonia, whilst ammonium nitrate 
and a metallic mirror of silver are left 
behind. When a current of dry am- 
monia is passed over dry silver nitrate, 
this substance absorbs 29-55 per cent, 
of the gas, enough heat being developed 
to produce fusion of the mass. The product of this reaction, 
AgNOgjSNHg, is a white solid soluble in water (Rose). 

Silver nitrate is largely used in chemical analysis and 
especially in photography. It is also employed in medicine 
both externally and internally. In external application it acts 
as a powerful cautery, inasmuch as it unites with the albuminoid 
substances to form insoluble compounds. Large doses given in- 
ternally act corrosively upon the mucous membrane, producing 
serious inflammation. Experiments on animals have shown 
that it produces paralysis of the nerve-centres, difficulty of 
breathing, and coma. It is given in doses of from 0*02 gram in 
chronic stomach diseases, epilepsy, and other nervous affections. 
When administered for some length of time, it produces a pecu- 
liar bronze colour of the skin, caused by the deposition of 
metallic silver under the cuticle. 

^ Divers, Jmrn, Chem, Soc., 1899, 76, 83. 

* Kremers, Pogg, Ann.t 1864, 92, 497; see also liltard, Ann, Chim, Phys,^ 
1894, [7], 2, 626; Meyerhoffer, LandoU-Bomatein Physikalisch-Chemiache 
Tabellen (Berlin, Springer). 
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Ammoniates of many silver salts have been described/ e.^r., 
AgF,2NH3,2H20; AgC103,3NH3; Aga4,2NH3; AgBr03,3NH3; 
AgMn04,3NH3; Ag2S03,4NH3; Ag2Se03,4NH3, etc. 

224 Silver Diphosphide, AgPg, may be prepared by passing 
phosphorus vapour over finely divided silver or silver chloride 
heated at 400 °. The product must be cooled in an atmosphere 
of phosphorus vapour, as it decomposes at the temperature of 
formation when heated in an inert gas.^ 

Phosphates of Silver, — The normal phosphate, is 

formed as a yellow precipitate when a silver salt is added to 
a solution of any one of the sodium orthophosphates. On 
heating, its colour changes to brown, and it melts at a red 
heat. It is soluble in aqueous phosphoric acid, yielding the 
mono-hydrogen salt, HAg2P04, which is deposited in the form of 
white crystals. The pyrophosphate, Ag4P207, is a white com- 
pound melting below a red heat to form a dark brown liquid 
which solidifies to a colourless fibrous mass. When heated for 
some time with aqueous phosphoric acid, the dihydrogen pyro- 
phosphate, ir2Ag2P207, is formed as a crystalline powder, which 
is decomposed by the addition of water. The same compound 
may also be formed by heating silver pyrophosphate with pyro- 
phosphoric acid until a clear fused mass is obtained, dissolving 
the cooled product in a small quantity of water at 0°, and 
adding alcohol, when it is precipitated as a white crystalline 
powder melting at 240 °.® The metaphosphates of silver are 
white compounds. 

Arsemtes and Arsenates of Silver, — The normal arsenite, 
Ag3As03, is a canary-yellow powder easily soluble in nitric acid 
and ammonia. When the ammoniacal solution is boiled, metallic 
silver separates out. The normal arsenate, is a dark 

reddish-brown crystalline powder, formed by precipitating a con- 
centrated solution of arsenic acid with a boiling solution of silver 
nitrate. The same substance is precipitated as a brownish-red 
powder if a solution of an arsenate be added to silver nitrate. 

Silver Acetylide or Silver Carbide, CgAgg. — When acetylene is 
passed into aqueous silver nitrate a white precipitate is first 
formed of composition C2Ag2,AgN03, which with more acetylene 
changes to white silver acetylide. It may also be obtained by 
passing acetylene into ammoniacal silver nitrate.'* 

1 Bruni and Levi, Oazz., 1916, 46 , ii, 17, 235. 

2 Granger, Compt, rend,, 1897, 124 , 896; Chem, News, 1898, 77, 227. 

® Cavalier, Compt, rend,, 1904, 139 , 284. 

* Arth, Compt, rend., 1897, 124 , 1634; Chavastelon, ibid., 1664. 
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Silver Carbonate, AggCOg, is a light yellow powder of a paler 
colour than the phosphate, which readily becomes black on 
exposure to light, or on heating, and loses all its carbon dioxide 
at 200°. When a mixture of ammonio-nitrate of silver and 
caustic potash is exposed to the air, silver oxide separates out, 
and after a time lemon-yellow needles of the carbonate. 

AVhen silver nitrate is added to a concentrated solution of 
potassium carbonate a yellow precipitate separates out, and 
this quickly changes to the white compound, silver 'potassium 
carbonate, AgKCOg.^ 

Silver Cyanide, AgCN, is a white curdy precipitate easily 
soluble in ammonia. On heating with water or with caustic 
potash solution it is reduced to metallic silver.^ It is insoluble 
in cold dilute nitric acid, but dissolves in the hot acid, forming 
silver nitrate and hydrocyanic acid, which may be removed by 
distillation.® It forms soluble double salts with the cyanides of 
the metals of the alkalis and alkaline earths. 

Potassium Silver Cyanide, KAg(CN) 2 , crystallises in feathery 
tufts or six-sided prisms, and is soluble in 4 parts of water at 
20°.^ It does not undergo alteration on exposure to light. 

Silver Cyanamide, AggCNg, may be obtained by precipitating 
an alkaline solution of sodium cyanamide with silver nitrate. 
On heating, it explodes more or less violently, the gases formed 
by the explosion being cyanogen and nitrogen.® 

Silver Cyanate, AgCNO, is a white precipitate easily soluble 
in ammonia and nitric acid. On heating it explodes, a dull 
white mass of silver carbide remaining behind. This decom- 
poses, on solution in nitric acid, leaving a finely-divided network 
of pure carbon.® 

Silver Thiocyanate, AgCNS, is a white curdy precipitate easily 
soluble in ammonia and crystallising from the solution in 
glistening scales which do not contain any ammonia. 

Potassium Silver Thiocyanate, KAg(SCN) 2 , is formed when the 
foregoing salt is dissolved in a solution of potassium thiocyanate. 
It forms monoclinic crystals, melts at 140°, and is decomposed 
by water. Crystalline sodium and ammonium silver thio- 
cyanates, NaSCN,AgSCN; SNaSCN, AgSCN ; NH 4 SCN,AgSCN ; 

^ Reynolds, Journ, Chem. Soc.^ 1898, 73, 265. 

2 Marsh and Struthers, Proc. Chem, Soc., 1903, 249. 

® Plimmer, Journ. Chem, Soc,, 1904, 85, 12. 

* Baup, Ann, Chim, Phys,, 1868, [3], 53, 462. 

® Ellis, Chem, News, 1909, 100, 164. 

* Liebig and Kedtenbacher, Annalen, 1841, 38, 129. 



PHOTOGRAPHY 


499 


SNH^SCNjAgSCN, are known, all being decomposed by excess 
of water.^ 


Photography. 

225 The observation of Boyle that silver chloride and other 
silver salts undergo blackening on exposure to light, the chemical 
explanation of which was first given by Scheele, led to the 
foundation of the important art of photography. The first 
light-pictures were obtained by Thomas Wedgwood in the year 
1802. These were simply prints of leaves or paintings on glass 
prepared by allowing the light to fall through a more or less 
transparent object on to white paper or leather which had been 
moistened with nitrate of silver. Davy, repeating these ex- 
perim^ts, obtained fairly accurate copies of leaves, wings of 
insects, and similar objects, and even succeeded in preparing 
pictures of small objects which had been magnified by the solar 
microscope. The pictures thus obtained could not be exposed to 
daylight, but had to be examined by candle-light, as at that time 
no process was known by which that portion of the silver salt 
unacted upon by the light could be withdrawn, and the pictures 
thus rendered permanent. The first experiments which aimed at 
rendering the photographic image permanent were made by 
Niepce, who began his investigations in the year 1814. In 1826 
he, together with Daguerre, investigated the same subject, and it 
is to the latter experimenter that we are indebted for the first 
process by which the image obtained in the camera can be fixed. 
In 1839 he discovered the process which now bears his name. 
This consists in allowing the vapour of iodine to act upon a 
polished surface of silver, which thus becomes coated with a 
film of silver iodide. The surface of the plate thus prepared is 
next exposed to light in the camera. After a short time the light 
has produced its action, although on the removal of the plate no 
change of the surface is perceptible. If the plate be now exposed 
to the action of the vapour of mercury, the picture makes its 
appearance, inasmuch as the mercury is deposited in extremely 
fine globules on those portions of the plate on which the light 
has fallen, whilst in the shadows the unaltered iodide remains. 
In order to remove those portions of the iodide which had been 
unacted upon by the light, Daguerre at first used a hot 
solution of common salt, but Herschel at once pointed out the 

^ Cematescu, Bull, Acad, 8ci, Boumaine, 1920, 6, 63. 
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advantages of sodium tliiosulpliate for this purpose, and it was 
immediately adopted by Daguerre.^ 

The Daguerreotype process underwent many alterations, 
.but it has now been altogether superseded by much more 
convenient methods. In the year 1839 Fox Talbot pub- 
lished his method of photogenic drawing, or photography 
on paper. This process, which was but an imperfect one, con- 
sisted in exposing in the camera a paper soaked in a weak solution 
of common salt and afterwards washed over with a solution of 
silver nitrate. The image obtained was a negative one ; that is, 
the light portions of the landscape were dark, and vice versa. 
These pictures were fixed by immersion in a solution of common 
salt. A great improvement was made in this process by Talbot 
in the year 1841, by coating the paper which was to be acted 
upon with a film of silver iodide by first dipping it into a solution 
of silver nitrate and then into one of potassium iodide. This 
paper does not exhibit any change after exposure in the camera, 
but on “ development ’’ with a mixture of silver nitrate, acetic 
acid, and gallic acid, the image becomes visible. The picture is 
a negative, but it may be rendered transparent by saturating it 
with white wax, and then a positive print may be prepared from 
it by placing it on a paper moistened with chloride of silver and 
exposing it to sunlight. This method was long known as the 
Talbotype or Calotype process. 

A most important improvement in photography was made by 
Archer (1851), in the employment of a transparent film of iodised 
collodion spread upon glass as a sensitive film for the camera in 
place of the iodised paper used in the Talbotype process. 
Collodion is a solution of pyroxylin, consisting of the 
lower nitrates of cellulose, in a mixture of alcohol and ether, 
and to this is added a certain proportion of a soluble iodide or 
bromide, usually of zinc or cadmium. On pouring the solution 
on to the plate the ether and alcohol evaporate, and the plate 
becomes covered with a homogeneous film. The coUodionised 
plate is next dipped into a bath of silver nitrate, and the plate 
thus ‘‘ sensitised ” is exposed, still wet with the silver nitrate 
solution, in the camera. The image produced on the film is in 
this case also latent, and requires to be developed or made 
visible by treating the surface with reducing agents, such as 
ferrous sulphate or pyrogallic acid, compounds which have the 
power of reducing it to the condition of metallic silver. The 
imaltered iodide may be removed by dissolving it in cyanide of 
^ Eder, Qeschichte der Photographic, pp. 203, 209 (Knapp, Halle a.S. 1906). 
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potassium or sodium thiosulphate, and from the negative thus 
obtained any number of positive prints can be prepared, each of 
which is afterwards fixed in sodium thiosulphate. The application 
of collodion renders the process much more certain, shortens the 
necessary exposure to a few seconds, and admits of a far greater 
degree of precision in the reproduction of detail than was possible 
on the rougher surface of paper in the Talbotype. 

Many attempts were made to lessen the inconvenience 
attaching to wet plate photography by washing the plate free 
from silver nitrate, covering it with a film of some substance 
such as tannin, albumin, etc., and then drying. 

All these plates are, however, piuch surpassed in sensitiveness 
towards light by the modern dry plate, which consists of a glass 
plate coated with an emulsion in gelatin of silver bromide, some- 
times accompanied by a little iodide. This emulsion is made by 
adding ammoniacal silver nitrate to a solution of an excess of 
potassium bromide and gelatin in hot water. The mixture is then 
heated at 45° for some time, a process termed ripening,’* 
until the emulsion attains its most sensitive condition. During 
this operation a physical change appears to occur, the particles 
of bromide, which when first precipitated have a diameter of 
0-0008~0*0015 mm., increasing during the process to 0-003- 
0*004 mm. in diameter. The emulsion is then washed, to 
remove the potassium bromide and nitrate, placed on the plate 
in a uniform film, and dried. When such a plate is exposed to 
light a latent image is produced which can be developed by many 
reducing agents which do not attack unexposed silver bromide. 
The reducing agents employed as developers include ferrous 
oxalate, which passes during the process into ferric oxalate, 
pyrogallic acid (trihydroxy benzene), hydroquinone (quinol, 
^;am-dihydroxybenzene) and metol (pam-methylaminophenol) ; 
in presence of an alkali such as ammonia or potassium carbon- 
ate these hydroxy-compounds are converted by oxidation 
into quinones and similar substances. In order to prevent too 
vigorous development and consequent fogging of the plate, 
a resirainer or retarder^ consisting of the bromide of the alkali 
used, is added to the developer.^ The plates are then “ fixed ” 
by washing with sodium thiosulphate solution, which dissolves 
out the silver bromide unacted on by the developer, leaving the 
silver image. 

The exact change in the sensitive salt that is effected by the 

^ See Luppo-Cramer, ZetU Chem, Ind. KoUotde, 1909, 4, 92, and Sheppard, 
ibid,, 1909, 5, 43. 
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light is not yet understood, the chief fact known being that the 
developer removes the bromine from the silver bromide where the 
light has fallen upon the film, whilst it is unable to bring about 
this change in those parts of the film where the light has not 
preceded it. If an exposed plate be treated with a halogen 
element or an oxidising agent such as nitric acid, potassium 
dichromate, etc., it is found that the image can no longer be 
developed. 

Several theories have been advanced as to the nature of this 
change, all of which may be classed into two groups; the one 
attributing it to a chemical and the other to a physical change 
in the silver bromide. According to the first of these views, the 
light causes a very small amount of bromine to be lost by the 
silver bromide, a sub-bromide being formed. This bromine is 
taken up by the gelatin, which thus acts as a sensitiser and re- 
places the silver nitrate of the wet collodion plate and the tannin 
of the dry collodion plate. Many hold that the sub-bromide thus 
formed has the composition Ag2Br, whilst Eder,^ from the altera- 
tion in the action of certain reagents on plates exposed to light 
for varying periods, concludes that several sub-bromides are 
obtained depending on the length of the exposure. Another 
view is that an oxybromide of silver is formed with loss of 
bromine, and not a sub-bromide. During development the 
altered silver bromide is first reduced and the reducing action 
becomes extended to the silver bromide in the immediate 
proximity of this reduced silver. It will be seen that according 
to this theory the density of the silver image which can be 
obtained by development is limited only by the thickness of the 
film, the amount of silver produced increasing steadily with the 
duration of the development. It has, however, been showm by 
Ilurter and Driffield ^ that the maximum density attainable 
depends entirely on the length of the exposure and the intensity 
of the light, and is not altered by prolonging the development 
beyond a certain necessary time. The same chemists have 
further proved that when a plate is exposed so long that the 
whole of its silver bromide can be reduced to metallic silver 
by development, no evidence of the formation of hydrobromic 
acid, which would accompany the action of bromine on gelatin, 

^ Eder, Address to the Viennese Academy of Sciences, Bniish JourUn 
1906, 62, 950 and 968; see also TrivelU, Proc, K. Akad. Weiensch, Amsterdam, 
1909, 11, 730. 

* J. Soc. Chem. Ind., 1890, 9 , 465; Sheppard and Mees, Proc. Roy, Soc., 
1906, 74 , 44. 
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can be detected, and that the whole of the bromine in the plate 
is given up to the developing liquid. 

It has, moreover, been found by Dewar that gelatin emulsions 
of silver bromide remain sensitive to light, although to a some- 
what smaller extent, even at a temperature of — 252-5'^ C., at 
which nearly all chemical reactions proceed extremely slowly. 

These results, therefore, have given rise to the view that no 
chemical decomposition is brought about by the light, but that 
the silver bromide molecule undergoes a physical alteration 
which renders it capable of being reduced by the developer. 

Joly,^ who supports the physical hypothesis, considers that 
the light causes an electronisation of the silver bromide. 

It is well known, from the experiments of Hertz and others, 
that light has the power of discharging negative electrification 
from the surface of many bodies ; that is, of bringing about the 
escape of negatively charged electrons (p. 40) ; and such bodies 
are termed “ photo-electric.” It has also been found that the 
halogen salts of silver are vigorously photo-electric, and possess 
an activity in the descending order, bromide, chloride, and 
iodide, which is the same order as their photographic sensitive- 
ness. 

Moreover, an image capable of development is also formed by 
the action of cathode rays, or the electronic discharge from 
radium. Joly, therefore, considers that the latent image is 
made up of atoms or molecules clectronised by the action 
of light on the silver halide salt, and that it is upon these that 
the developer acts. A number of experiments, in which the 
rate of action of developers upon the silver bromide of exposed 
plates was measured, have been carried out by Sheppard and 
Mees,2 and their results point to the conclusion that the reducing 
agent in the development acts upon ionised silver bromide with 
formation of metallic silver. 

H. Weitz® considers the latent image to consist of a solid 
solution of silver sub-halide and possibly silver in silver halide, 
but Liippo-Cramer ^ considers that the assumption of the forma- 
tion of sub-chloride or sub-bromide is unnecessary and that 
the latent image is a colloidal compound. He also explains 
the peculiarities of the silver deposits obtained with different 

^ Address to the Photographic Convention of the United Kingdom, Dublin, 
905; British Joum. Phot., 1905, 52) 551. 

2 Proc, Roy, Soc., 1906, 74, 447; 1906, 76, [A], 226; 1907, 78, [A], 461. 

® Zeit. physikal, Chem., 1906, 54, 305. 

* Zeit. Chem. Ind. Kolloide, 1907, 2, 136. 
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developers, and with gelatin and collodion films, by the more or 
less colloidal nature of the silver and by adsorption of different 
substances from the developers.^ 

The question cannot, however, as yet be considered as settled. 

226 Action of Light of Different Degrees of Refrangibihty on 
the Salts of /S? 7 ver.— Scheele observed that the violet rays of the 
solar spectrum are those which affect silver chloride most 
strongly, and to these the name of chemical rays has frequently 
been given. It has, however, been shown that all the rays of 
the solar spectrum are able, under certain circumstances, to 
effect chemical change, each particular chemical compound 
being decomposed by the rays upon which it is most capable of 
exerting an absorbent action. Not only is this the case, but 
an addition to the sensitive compoimd of certain coloured, 
but chemically inactive, substances has the effect of altering 
the position of the maximum of chemical action for that 
particular compound. Thus, for example, it is possible by the 
addition of a yellowish-red colouring matter, such as aurin, to 
the bromide film to prepare a plate which is more affected by 
the yellow rays than the untreated plate, whilst the addition of 
erythrosin confers increased sensitiveness to the yellow and 
orange rays, and of cyanin to the red rays. 

These dyes cause the bromide film with which they are 
mixed to be specially sensitive to the rays corresponding roughly 
to their absorption spectra. In this way Draper,^ Vogel,^ and 
Abney ^ have succeeded in photographing the lines of the visible 
solar spectrum from b downwards, and have not only secured 
pictures of the portions included between the lines E and A, 
but have obtained photographic action even in the infra-red 
regions. Orthochromatic plates are now made by means of which 
the relative intensity of the various colours to the eye is much 
more truly represented.® The exact function of the dyes in 
producing this effect is not understood, but they are known to 
be photo-electric, and it has been suggested by Joly that the 
electron-producing power for that particular ray absorbed by 
the dye is responsible for the special sensitiveness it produces in 
the film. 

For a full account of the theory and practice of photography, 

1 Zett, Chem. Ind. KoUoide, 1908, 3, 33, 136. 

a Phil, Mag., 1877, [6], 3, 86. 

® Ann. Phys. Chem., 1885, 26, 627. 

* Phil. Mag., 1878, [6], 6, 61. 

* See Bothamley, Brit. Assoc. Rep., 1896, 661. 
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the reader is referred to Abney’s “ Instruction in Photography,” 
Chapman Jones’s “ Science and Practice of Photography,” and 
to Meldola’s “ Chemistry of Photography.” 


Detection and Estimation of Silver. 

227 There is probably no element whose presence can be 
more readily detected by chemical methods than silver, owing 
to its chloride being insoluble in water and easily soluble in 
ammonia. In order to detect silver in an insoluble compound, 
it may be melted with sodium carbonate on charcoal before 
the blowpipe or simply heated on charcoal in the reducing flame 
of the blowpipe. Silver is then obtained in the metallic state 
as a bright shining bead, which easily dissolves in warm nitric 
acid, the solution giving on the addition of hydrochloric acid a 
curdy precipitate of silver chloride, or, if only a trace of silver 
be present, a mere opalescence. This disappears on the addition 
of ammonia, but is reproduced when the ammonia is neutralised 
with nitric acid. 

The spark spectrum of silver is obtained by the use of poles 
of the metal with a powerful discharge. It may also be seen 
when platinum poles are moistened with silver nitrate solution. 
Two bright green lines are the most characteristic in its spectrum, 
and several weaker lines occur in both the blue and the violet. 

Silver is estimated gravimetrically as the chloride. The 
precipitate after washing and drying is heated in a porcelain 
crucible until it begins to melt, and then its weight is obtained. 
This method is used in the Indian mint. In some few cases the 
silver is determined as the cyanide or sulphide, and, in the case 
of organic silver salts, the metal which remains behind on heating 
the salt is weighed. 

Silver can also be easily determined volumetrically with 
standard hydrochloric acid, common salt solution, or potassium 
thiocyanate. In the mints, where a large number of silver 
assays has to be made daily, a method proposed by Gay Lussac ^ 
is often adopted. In this process the alloy is dissolved in nitric 
acid, and the silver precipitated from solution in the form of 
chloride, the volume of the standard solution necessary for the 
complete precipitation of the silver being ascertained. Chemically 
pure silver is required for standardisation; this is best used in 

^ Instruct, sur TEssai des Matdres Argent par la Voie Humide. Paris, 
1833. 
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the form of thin foil ; then a standard solution of common salt is 
needed of such a strength that 100 c.c. correspond exactly to 
one gram of silver ; thirdly a salt solution 1-lOth of this strength, 
prepared by diluting one volume of the standard solution to ten 
volumes. 

Sufficient of the alloy (of which the composition must be 
known approximately) to contain a little more than one gram of 
silver is accurately weighed, placed in a bottle, and dissolved in 
nitric acid. One hundred c.c. of the standard solution of salt are 
then added and the bottle well shaken. The titration is then 
continued with the l~10th strength solution until precipitation 
is complete. Each c.c. of standard solution corresponds to 0-01 
gram, and each c.c. of the second solution to 0*001 gram of silver. 

Another method of assaying silver still used although not so 
accurate as the method just described, is the assaying of silver 
by cupellation. This process depends on the fact that the 
metals alloyed with silver oxidise in the presence of lead oxide at 
a high temperature, yielding an oxide which, together with the 
oxide of lead, is absorbed by the porous cupel, whilst any silver 
which the mixture contains is left behind in a bright globule 
which can be accurately weighed. The assay is usually made 
\Aith 0*25 to 0*5 gram of silver and check alloys containing about 
the same amount of pure silver are cupelled at the same time to 
ascertain the cupellation loss, which is added to the assay results. 
The process of assaying by cupellation, even in experienced hands, 
may vary as much as two parts in 1,000, whilst Gay-Lussac's 
process admits of an accuracy of 0*5 in 1,000. The process of 
cupellation is, however, still in use in lead works, where it is 
required to determine the amount of silver which marketable 
lead contains, and it is also used for the estimation of silver in ores. 

The electrolytic method has also been used for the determination 
of silver, a solution of the nitrate being used, and alcohol or 
potassium cyanide added to prevent the formation of the black 
compound described on page 481.^ 

The atomic weight of silver was determined with considerable 
accuracy by Stas, by the methods described on p. 12, the average 
of the numbers obtained by the different metliods being 107*93. 
Guye and Ter Gazarian^ have found that potassium chlorate 


^ Kustcr and von Steinwehr, Zeit, Elektrochem., 1898, 4, 451; Wolman, 
ihd., 1897, 3, 537. 

* Compt. rend.t 1906, 143, 411 ; see also Richards and Wells, J. Amer. Chem. 
Soc., 1905, 27, 459. 
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crystallises with a small quantity of chloride as an impurity, 
the amount being nearly constant, about 2*7 parts in one thousand. 
Applying this correction to Stas’s ratios, the atomic weight of 
silver is lowered from 107*93 to 107*89. The number now 
adopted (1922) is 107*88. 


GOLD (AURUM). Au= 197-2. At. No. 79. 

228 Of all the metals gold was probably the first to attract the 
attention of man, its occurrence in the native state, its brilliant 
lustre, and its permanence, rendering it an object of value 
from very early times. 

Metallic gold is mentioned in the Old Testament and in 
Homer, and the various names by which it is designated denote 
lustre or fine colour. Thus in the Hebrew zahdh^ the root signifies 
to glitter; whilst the Greek word %/)vcro 9 , probably derived from 
the Sanscrit hiranya, also signifies to glitter or flame. Our word 
‘‘ gold ” probably is connected with which also occurs in 

Sanscrit and is derived from jval, which means to shine. As 
being the most perfect of the metals gold was compared by the 
alchemists to the sun; to it were attributed the most singular 
virtues, and strenuous efforts were directed to the transmutation 
of the baser metals into O (Sol).^ 

Gold is usually found in the native state, but never perfectly 
pure, being always alloyed with more or less silver. Native 
gold sometimes also contains small quantities of copper, and 
traces of iron, bismuth, platinum, palladium, or rhodium. Gold 
is likewise found in the following compounds : bismuth-aurite, 
AugBi; calaverite, AuTcg; sylvanite or graphic tellurium, 
(Au,Ag)Te 4 ; nagyagite or folijited tellurium, (Pb,Au) 2 (Te,S,Sb) 3 ; 
white tellurium, (Au,Ag,Pb)(Te,Sb) 3 . Small quantities of gold 
occur in many pyrites, blendes, and other ores. It has also been 
found in sea water. ^ 

Native gold is generally found in situ in quartz veins or reefs 
which intersect metamorphic rocks, and to some extent also in 
the wall-rock of these veins. Metamorphic rocks which are 
tlius intersected are generally chloritic, talcose, and argillaceous 

^ Those interested in the processes employed by the alchemists in the search 
after the philosopher’s stone are referred to Thomson’s Ihstory of Chemislry, 
and Berthelot, Collection des Anctena Alchimisies GrecSt and La Chimie au 
Moyen Age (Paris, 1887-1893). 

* Liversidge, Trans, Roy. Soc. N,S.W,, 1896. 
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schists; also, though less commonly, mica- and hornblende- 
schists; gneiss, diorite, and porphyry, and, still more rarely, 
granite. Gold is frequently found crystalline, the commonest 
forms being the octahedron and tetrahedron. The crystals are, 
however, sometimes acicular, through elongation of these two 
forms, passing into filiform, reticulated, and arborescent shapes, 
and occasionally exhibit a spongy form from the aggregation 
of filaments. It frequently occurs in masses termed nuggets, 
also in thin laminae, and often in flattened grains or scales and 
in rolled masses in sand or gravel. Sometimes indeed it is so 
finely disseminated throughout the quartz that it is not visible, 
though present in quantities sufficient to pay for its extraction. 

The occurrence of gold is not confined to the above-named 
rocks, the metal being found in many formations, even up to 
the chalk. 

The sands, gravels, and clays formed by the disintegration of 
the gold-bearing rocks form an important source of the precious 
metal, and these alluvial deposits often occur of considerable 
thickness and of great extent. 

229 Although gold occurs widely distributed in nature it is 
only found in certain places in quantities sufficient to repay 
the expenses of extraction. The most important European 
localities are Russia, Hungary, and Germany. Gold has been 
found in Cornwall, and has been worked to a small extent in 
Wales. Gold has also been found in Scotland, especially near 
Leadhills and in Glencoich and other parts of Perthshire, 
in Ireland in County Wicklow, in Sweden, and in Spain, 
where mines were worked by the Romans. In Asia, gold 
occurs chiefly on the eastern flanks of the Urals and in other 
parts of Siberia, but the metal has been found in almost all 
parts of this continent, especially in India, Japan, China, Korea, 
Borneo, and the Dutch East Indies. The vessels of gold in the 
possession of the ancient Scythians, which according to Herodotus 
were said to have fallen from the skies, were probably made from 
Uralian gold. The mines in the Urals were, however, not opened 
until the year 1819 , but they soon became of such importance 
that they supplied the greater portion of the world’s requirements 
until the discovery of Californian gold. 

Africa also contains much gold. Thus a considerable quantity 
of gold dust has been found in Abyssinia, also on the coast opposite 
Madagascar, supposed by some to be the Ophir of Solomon, and 
in various parts of the interior of the western portion of the 
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continent whence it was formerly sent to the Gold Coast. Indeed 
this source, together with that of Hungary and the Brazils, 
yielded the chief supply of gold up to the beginning of last century. 
West Africa has a considerable gold-mining industry. Since the 
year 1884, the gold-fields of the Transvaal have become of great 
importance, the output having risen almost continuously since 
that date. In 1895 the amount of gold obtained from the Rand 
district was 2,549,036 ozs., whilst in 1905 it had increased to 
4,897,221 ozs., and in 1918 to 8,419,100, surpassing the output 
from any other country. 

In the year 1849 gold was discovered in California by Colonel 
Sutter, who having erected a saw-mill noticed that the water 
which was used to work the mill contained particles of gold. 
The attempt to keep this discovery secret naturally failed, and 
the few hundred inhabitants of the city of San Francisco rushed 
to the gold-diggings, and were soon followed by emigrants from 
all parts of the world. Considerable gold-fields exist in the 
western portion of the North American continent, reaching from 
Mexico up to British Columbia and the Klondyke district. 

Australia is another country rich in gold-fields and occupied 
the premier position in the British Empire as a producer of gold 
until 1904. Important gold-mines occur in the table-lands of 
New South Wales and along the continuation of the Australian 
cordillera in Victoria, in Queensland and Western Australia, 
whilst smaller supplies are drawn from South Australia and 
Tasmania. 

It is a matter of general notoriety that many years before 
anything was published respecting the existence of gold in 
Australia, gold was often brought into Sydney by shepherds and 
settlers in the bush. The actual occurrence of gold in Australia 
was, however, first discovered by Count Strzelecki in the year 
1839, but this was not made known at the time, inasmuch as 
the Governor feared the consequences of such a statement in the 
existing conditions of the colony. In 1843-4 Count Strzelecki 
returned to England and exhibited his nuggets and gold speci- 
mens to. Sir Roderick Murchison, who, arguing from the com- 
parison of these with samples from the gold-bearing Urals, 
predicted that gold would be found widely distributed in the 
eastern chains of the Australian mountains. In the years 
1841-3 gold was also foimd by the Rev. W. D. Clarke, an 
Australian geologist. To Mr. Hargreaves, an old Californian 
gold-digger, however, belongs the honour of proving, in 1861, 
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that gold existed in large quantities in various parts of the 
colony. The first discovery of workable gold-fields was made 
at Ophir, and this soon led to the finding of the precious metal 
in the soil and rocks of the colony over tracts many miles in 
extent. After a short time the proclaimed gold-fields extended, 
with a few intervals, the whole length of the colony, and west- 
ward about 200 miles, comprising an area of about 1,356 square 
miles, and numbering more than eighty distinct fields.^ 

Gold has also been found in New Zealand, where an average 
production of nearly £2,000,000 was maintained for several years 
prior to 1912 : but the output has steadily declined since then. 
The Australian is, as a rule, much purer than the Californian 
gold, but it is a singular fact that the average fineness of the 
gold found in the several Australian colonies shows a regular 
depreciation as we advance northwards. Thus the average 
fineness of Victorian gold is about 960; that of the New South 
Wales gold is 935, while still further north in Queensland the 
average fineness is 872, and Maryborough gold contains only 
85 per cent, of gold and as much as 14 per cent, of silver.^ 
Very large nuggets occur in Australian fields; thus, for instance, 
one foimd at Ballarat weighed 184 pounds and was valued at 
£8,376 105. 6d, 

The total production of gold reached a very high mark in the 
fifties when the Australian discoveries followed on the opening 
of the Californian fields. During these years the annual pro- 
duction averaged £30,000,000, but afterwards gradually fell off, 
until in the period 1880-90 it averaged only about £20,000,000. 

Since that date it constantly increased until 1915, with the 
exception of the years 1900-1902, when the production was affected 
seriously by the Boer War. Since 1915 it has shown a marked 
yearly falling off. In 1914 the value of the output amounted 
to slightly over £90,000,000, in 1915 it increased to £96,525,000. 
In 1916 the output decreased to £93,841,000, in 1917 to 
£86,980,000, and in 1918 it was only £78,221,700. The increases 
up to the year 1915 were largely due to the output from South 
Africa consequent upon the development of the Transvaal fields, 
but also to the improved methods of extraction adopted. The 
decreases since 1915 have been due to shortage of labour and 
the limitation of supplies caused by the European War. 

The following figures give the production in ounces of fine gold 

^ Liversidge, Trans, Roy, Soc, N,8,W,, ix., 163. 

» Miller, Trans, Roy, Soc, N,S,W,t 1870. 
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from each of the great gold-producing countries for 
1895, 1905, and 1918, ^ 

1895. 1905. 

the years 

1918. 

Australasia . . 

. 2,070,336 . 

. 4,169,220 . . 

1,416,000 

United States . 

. 2,261,612 . 

. 4,260,604 . . 

3,321,000 

Bussia .... 

. 1,637,684 . 

. 1,063,883 . . 

680,000 

Transvaal . . 

. 1,811,391 . 

. 4,897,221 . . 

8,419,000 

Best of Africa . 

. 267,806 . 

680,620 . . 

— 

India .... 

. 218,186 . 

576,889 . . 

486,000' 

Canada . . . 

92,448 . 

700,863 . . 

710,690 

Mexico .... 

. 270,924 . 

702,799 . . 

814,000 

Other Countries 

. 1,203,326 . 

. 1,489,071 . . 

2,679,000 

Total . . 

. 9,723,612 . 

. 18,431,073 . . 

18,424,690 


Composition of Native Gold , — The following table gives the 
composition of several kinds of native gold. 
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! 
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Analyst. 
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Lovol. 
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Northcote.l 

Cohen. 

Gold 

84 80 

93 34 

94-40 

94-73 

89-24 

99 28 ' 

94 48 

Silver 

14 68 

6 28 

5 85 

5 23 1 

1 10-76 

0 44 

5-16 

Iron . 

0 13 

0 32 

— 

0 04 

— 

0 20 

Trace 

Copper . 

0 04 

0-06 

— 

— 

— 

0-07 i 

0-25 

Platinum 


— 

1 0-15 

— 

— 

— i 

— 

Bismuth 

— 

— 

— 

— 

— 

0-01 1 

— 

— 



* 

— 

— — ' 


_ — 1 



99-65 

100 00 

100-40 

100-00 

100 00 

100-00 1 

99 89 


230 Gold Extraction . — The simplest method of extracting gold, 
namely, alluviahwashing, carried on from the simple pan-washing 
to hydraulic mining on a stupendous scale, necessarily requires a 
considerable quantity of running water. This or a similar 
process was in use amongst the ancients; thus Pliny describes 
the “ bringing of rivers from the mountains, in many instances 
for a hundred miles, for washing the debris,’’ etc. 

The washing apparatus is simple, though frequently ingenious. 
The simplest of all these operations is that termed pan-washing, 
in which a shallow pan is used, of iron or zinc, sinking into a 
cavity in the middle in which the heavy particles collect, whilst 
the lighter dirt is washed away. 

» Mineral Industry, 1897, 6, 260; 1906, 14, 236; 1911, 20, 283. 
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The cradle is another simple apparatus for gold-washing, much 
used in the early days of the gold discoveries in California and 
Australia. It consists of a trough or cradle of wood or iron 
six or seven feet in length under which rockers are placed, so 
arranged that the cradle has a slanting position to allow the mud 
and water to run off. At the top of the cradle is a grating 
or sieve upon which the wash-stuff is thrown, and transverse 
bars of wood are placed across the bottom of the cradle to arrest 
the passage of the heavier particles of gold. 

Other forms of apparatus used for washing gold-bearing deposits 
are the long tom and the sluice. The long tom consists of an 
inclined trough about 12 feet long, the lower end of which is 
closed by a screen inclined at an angle of about 45°. Below this 
screen is placed the upper end of a riffle-box, consisting of another 
trough 12 feet long fitted with riffles which are sometimes supplied 
with mercury. The gravel is shovelled into the upper trough 
and a stream of water is allowed to play upon it, washing down 
the fine gravel and gold into the riffle-box where the coarse gold 
is caught on the riffles. 

The sluice consists of a number of boxes, hundreds sometimes 
being used, each resembling the upper box of the long tom; 
they are about 12 feet long and 4 inches wider at one end than 
at the other, the narrow end of each box fitting into the wide 
end of that next below it. Riffle boxes are placed at certain 
intervals in these boxes to intercept all heavy particles that 
pass down, such as gold, mercury, amalgam, pyrites, etc. The 
usual grade of the boxes varies from 8 inches to 20 inches in 
12 feet, depending on the fall of the ground, on the nature of 
the material to be washed and on the amount of water available. 
A certain amount of mercury is added in sluicing to aid in the 
collection of the gold. 

231 Hydraulicing consists in breaking down the auriferous 
gravel by the impact of powerful jets of water and allowing the 
disintegrated material to pass along a series of sluices. To 
carry out this process successfully, an immense amount of water 
is necessary under a good pressure, a head of from 100 to 300 
feet generally being used. The nozzles for the discharge of the 
water vary in size up to 11 inches in diameter, and require special 
appliances to control them. The sluices used are similar to those 
described above, but are larger and made altogether stronger. 
A quantity of mercury is generally used to amalgamate and help 
to collect the gold. 
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232 Extraction of Gold from Quartz, etc , — The general method 
for the extraction of the gold from quartz consists in crushing 
the ore first to a moderate size in a rock-breaker, and then to a 
much finer state (usually with water) in a stamp battery. 

A stamp battery (Fig. 125) consists of a number of stamps, 
which are heavy pestles made of iron or steel weighing from 
400 to 2,000 lbs. each ; these are raised by means of cams, keyed 
to a horizontal shaft, coming in contact with tappets fixed on 
to the upper portion of the stems, and are allowed to fall by 



Fia. 125. 


their own weight. These stamps work in mortars made of 
cast iron and weighing from 1| to 3 tons; as a general rule five 
stamps work in each mortar. Mercury is often placed inside 
the mortar, and the upper portions and sides of the latter are 
lined with amalgamated copper-plates. The pulp is discharged 
through screens of varying sizes according to the nature of the 
material under treatment, and then passes over a scries of amalga- 
mated plates, the tailing being generally treated by the cyanide 
process for the extraction of the remaining gold. 

Very often the tailings from stamp batteries contain a 
certain proportion of heavy minerals, such as iron pyrites, 
copper pyrites, galena, etc., and as these contain gold which is 
VOL. II. (l.) LL 
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not collected on the amalgamated plates, they are extracted 
in some form of concentrating machine and are called con- 
centrates. When these consist of copper pyrites or galena they 
are treated by smelting, but when they consist of iron pyrites 
they are treated by Plattner’s chlorine process or by the cyanide 
process. The gold amalgam is scraped off the plates at certain 
intervals by means of rubber pads, cleaned, strained through 
wash-leather, and heated in iron retorts, the porous gold which 
remains being melted and cast into iron moulds. 

Many methods have been proposed for promoting the amalga- 
mation of the gold contained in the crushed ore, but the use of 
various materials for this purpose was much more general in 
the past than at the present time. The chief substance used is 
potassium cyanide, which, in the form of a dilute solution, is 
supposed to assist amalgamation; its action is probably a 
cleansing one, keeping the mercury free from grease and oil, and 
thus rendering it more active. Sodium is also used to clean the 
mercury before applying it to the plates. It is essential that all 
traces of grease be removed from the plates before amalgamation, 
and for this purpose a solution of caustic soda or sodium carbonate 
is used. 

The losses of gold during amalgamation may be due to in- 
sufficient care on the part of the men, to the use of a method of 
working unsuitable to the ore, to the presence of float-gold, to 
the presence of injurious minerals in the ore, or to improperly 
kept plates.^ In modern practice less importance is placed on 
the amount of gold extracted by mercury than was formerly the 
case, the stamp battery now being employed as a crushing 
machine and the bulk of the gold obtained by subsequent cyanida- 
tion of the slimed material. 

233 Gold Extraction by Chlorine . — For the purpose of extracting 
gold from auriferous pyrites Plattner’s chlorine method was 
formerly largely employed. In this process the pyrites is roasted, 
in order to remove the sulphur and arsenic and to render the ore 
porous, then moistened with water, and placed in vats furnished 
with false bottoms, beneath which chlorine is introduced. After 
all the air has been replaced by chlorine, and the whole mass 
has become impregnated with this gas, the vats are allowed to 
stand for about twenty-four hours, and the soluble gold chloride 
washed out with water. 

^ Full information concerning the metallurgy of gold may be found in The 
Metallurgy oj Gold, by Rose (Griffin & Co.), 1902. 
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In some cases the chlorination is carried out in revolving 
lead-lined steel barrels or cylinders, the chlorine being produced 
by the action of sulphuric acid on bleaching powder placed 
inside the barrel. In this way a pressure of about two atmo- 
spheres is produced, and a charge of 3 J tons is chlorinated in an 
hour and a half. The gold chloride solution is filtered through 
an asbestos cloth placed inside the barrel and passes directly 
into the precipitation tank. The metal may be precipitated 
from the solution by a number of different substances, the chief 
of which are ferrous sulphate, sulphuretted hydrogen, solid 
charcoal and sulphide of iron or copper ; e.g. 

Auaa + 3FeS04 = Au + FeClg + Fe2(S04)3. 

Sulphuretted hydrogen and metallic sulphides precipitate a 
sulphide of the metal, whilst charcoal precipitates the metal. 
The precipitate is collected, dried, roasted if it consists of the 
sulphide, and the metal then fused with borax.^ 

At Mount Morgan a modification of the chlorination process is 
employed in which the crushed ore is leached with chlorine 
water, the gold being precipitated from solution by charcoal. 

It has also been proposed to employ bromine for the extrac- 
tion of gold, either as bromine water or by hberating nascent 
bromine by the action of sulphuric acid on a mixture of bromide 
and bromate of sodium or calcium. 

234 The MacArthur-Forrest Cyanide Process. — Finely-divided 
gold dissolves readily in a weak solution of potassium cyanide 
in the presence of atmospheric oxygen, a soluble double cyanide 
being formed : 

4Au + 8KCN + O2 + 2H2O = 4 KAu(CN)2 + 4KOH. 

This reaction is now employed on a very large scale for the 
extraction of gold from the tailings obtained from the stamp 
batteries, which only contain a small amount of metal, and from 
such ores as are not readily treated by amalgamation. The 
process consists of four operations, viz. the preparation of the 
ore ; treatment with solution of potassium cyanide ; precipitation 
of the gold ; and treatment of the precipitated gold. 

In many cases the tailings from the stamp batteries only 
need sizing in order to be ready for the process, and this sizing 
consists of the separation of slimes or very finely-divided ore 
from the sandy portions, as these slimes tend to resist the percola- 
1 J. Soc. Chem. Ind., 1896, 16. 336. 



516 


THE COPPER GROUP 


tion of the cyanide solutions. In the case of low grade ores 
which are treated direct by the cyanide process these are crushed 
down by rock-breakers and rolls, care being taken to prevent 
the formation of slimes. 

For the treatment with cyanide solution, large vats are used, 
made of wood, iron, or cement, and holding from 10 to 600 tons 
of material. These vats are provided with false bottoms which 
usually consist of frameworks of wood pierced with holes and 
covered with canvas or cocoanut matting, below this being placed 
a layer of coarse sand and pebbles. The vats are filled to within 
a few inches of the top and levelled. 

It is often found advisable before treating with the cyanide 
solution to give a preliminary wash with water to remove soluble 
salts, or to use a solution of soda or lime to neutralise acids 
due to the decomposition of p 3 nrites in the ore. In the Transvaal 
the material is first treated with a solution of cyanide containing 
about 0*3 per cent, of KCN, which is allowed to percolate for a 
period varying from 6 to 24 hours, according to the richness and 
nature of the ore ; then a further treatment with a weak solution 
containing 0*05 to 0*15 per cent, is made, lasting from 24 to 48 
hours. The amount of liquid used is generally about half a ton 
for every ton of ore. After the treatment with cyanide is finished, 
that is, when no more gold is being dissolved, the solution is 
drawn off as completely as possible, and the charge thoroughly 
washed with water and discharged. The tanks are emptied 
usually through doors in the bottom, either by hand labour or 
by sluicing out by means of water under pressure. 

During the last few years large quantities of unleached slimes 
from previous working have been treated successfully at a very 
low cost by agitation in large tanks with cyanide solution for 
the extraction of the gold. After agitation the slimes are allowed 
to settle and the gold-bearing cyanide solution is drawn off, or 
else the slimes are pumped into large filter presses which separate 
the solution, leaving the solid matter in the form of cakes. 

Fine grinding of the whole of the ore to pass through a 160 
or 200 mesh sieve (40,000 holes to the square inch) in tube-mills, 
after partially pulverising in the stamp battery, followed by 
agitation and filter-pressing in pressure- or vacuum-filters, of 
which there are a number of successful forms on the market, has 
become the practice recently adopted on many of the great mines. 
In some cases of refractory ores, roasting is found necessary 
before cyanide treatment. 

For the precipitation of the gold, the cyanide solutions from 
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the tanks are passed through wooden troughs divided by baffle 
boards into a series of compartments containing freshly-turned 
zinc shavings which effect the precipitation of the gold : 

2KAu(CN) 2 +Zn = 2KCN,Zn(CN)2 + 2Au. 

A zinc-lead couple is found to be more effective for the 
precipitation of gold from solutions containing copper and 
from very weak cyanide solutions, and for this purpose the zinc 
shavings are pickled in a 10 per cent, solution of lead acetate 
until covered with a black coating. The gold-bearing cyanide 
solutions are sometimes agitated with zinc dust and the residues 
filter-pressed. 

The precipitated gold, together with any silver in the ore, is 
separated as far as possible from the zinc, and then may be 
treated, after roasting, by smelting with suitable fluxes, such 
as sand, borax, and sodium bicarbonate. Plumbago crucibles 
are generally used for these charges, and the resulting bullion 
may be 800 fine, i,e. contain 800 parts of gold per 1,000. 

Another method for treating the precipitated gold is to dissolve 
out the zinc with dilute sulphuric acid and then to wash and dry 
the insoluble residue and smelt down with suitable fluxes; this 
generally gives a bullion from 850 to 900 fine. 

A more recent process, which is said to effect a saving in cost 
and to be attended by less loss of gold, is Tavener’s lead-smelting 
method, in which the precipitate is melted with litharge, assay 
slags and sawdust in a reverberatory furnace for the production 
of a lead bullion containing about 10 per cent, of gold which is 
afterwards cupelled. 

Aluminium powder and charcoal are also used as precipitants 
for gold from cyanide solutions. 

In the Siemens-Halske process, the gold is deposited from 
solution by means of an electric current. The anodes are made 
of iron and the cathodes on which gold is deposited are of lead. 
These sheets of lead are afterwards melted down and cupelled 
for the extraction of the gold. 

235 Refining and Parting of Gold . — The gold bullion obtained 
by the above processes varies very considerably in composition 
according to its origin and the treatment to which it has been 
subjected. It usually contains a considerable amount of silver 
along with copper, iron, lead, antimony, and other base metals. 
When the amount of these is at all considerable it is usual to 
submit the bullion to a preliminary refining process before re- 
moving the silver. This ia done by melting the metal in a crucible 
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with borax and nitre, the base metals being thus oxidised and 
removed by skimming. 

The parting of silver from gold was formerly carried out by 
means of nitric acid, this process having been first employed, it 
would appear, at Venice in the fifteenth century, for extracting 
the gold from Spanish silver. It remained in general use up to 
the beginning of last century, and is still frequently employed. 
It depends on the fact that nitric acid removes practically all 
the silver from an alloy of gold and silver, provided that a sufii' 
cient excess of silver be present. It was at first thought that the 
limiting proportion was 1 of gold to 3 of silver, and hence the 
process was termed inquarUition^ but it has been found that 
the method succeeds even when as much as 1 of gold is present 
to 2 of silver ; the proportion most generally used is 1 of gold to 
or 2J of silver. 

For this process the bullion is first made up to the parting ” 
proportion, and then granulated. The granules are boiled for 
5 or 6 hours in nitric acid of specific gravity 1*2, the gold is then 
allowed to settle and the supernatant liquor siphoned off. A 
second boiling for 2 to 3 hours, and a third for 1 or 2 hours follow, 
with nitric acid of specific gravity 1*4. The gold residue is then 
well washed with water, pressed and melted down ; whilst the silver 
in solution is precipitated by means of common salt and reduced 
to metallic silver by means of zinc. It has now been shown, by 
careful investigation with a number of reagents, that in both the 
silver-gold and copper-gold series of alloys there are definite 
reaction-limits at metal concentrations expressed by simple 
multiples of Jth. These limits are perfectly sharp for the well- 
annealed alloys, but not for cast metal or that which has been 
altered by cold work : for example, in the well-annealed silver- 
gold series the reaction-limit for solutions of gold chloride, chromic 
acid, permanganic acid and nitric acid lies quite sharply at the 
composition 60 molecular per cent. There are also relative 
resistance limits : if the gold content is less than f molecular, 
boiling nitric acid will remove the whole of the silver or copper 
from the alloy; between f and J molecular of gold, only part 
of the baser metal is extracted ; whilst above J gold the alloy is 
completely resistant. These phenomena may be explained by 
geometrical considerations relating to the space lattice of the 
mixed crystals and are, therefore, of great theoretical importance.^ 

^ Tammann, ZeitscK anorg. Chem., 1919, 107, 1 ; soe also for a condensed 
account, Chem, jSoc. Ann. Report, 1919, 16, 213. 
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Parting hy Sulphuric Acid . — ^In 1753 Scheele discovered that 
sulphuric acid could be employed for this purpose. In a memoir 
on the subject, read before the Stockholm Academy, he says : 
‘‘ Sulphuric acid also dissolves silver when no water is amongst 
it, but gold is not in the least degree altered, so that silver and 
gold can be thus completely separated from one another; but 
such an oil of vitriol is much dearer than nitric acid, and for this 
reason it is not advisable to use it for this purpose, as there are 
other acids which cost less.** Hence it was only when sulphuric 
acid became cheaper that the process of separation by its means 
could be carried out, and this was done by Darcet in 1802. 

In order to separate the two metals by this method the alloy 
must not contain more than 33 per cent, of gold. If it be richer 
than this, it must be first melted with the necessary quantity of 
silver. The granulated alloy is heated in cast-iron boilers, 
together with two and a half times its weight of concentrated 
sulphuric acid of specific gravity 1*85. Each vessel is covered 
with a dome of lead, and the sulphur dioxide which is evolved 
during the solution of the silver is either allowed to escape into 
the air or utilised in some way. As soon as no further evolution 
of this gas takes place, sulphuric acid, of specific gravity 1*69, is 
added for the purpose of dissolving the copper sulphate. The 
clear liquid is then allowed to flow into leaden pans containing 
the mother-liquors of copper sulphate formed in the next opera- 
tion, and the whole is heated by steam in order to keep the 
slightly soluble silver sulphate in solution. Here a further 
quantity of gold is deposited, the clear liquid is again drawn off, 
and the silver precipitated by means of metallic copper. The 
finely-divided gold is again treated with sulphuric acid in order 
to render it completely free from silver, and after having been 
well boiled, it is washed and fused in a plumbago crucible with 
sodium bicarbonate. 

In a modified form of the process the sulphuric acid solution 
of the silver is diluted with steam, and the silver sulphate allowed 
to crystallise out. The crystals are then removed and reduced 
by heating in a furnace with charcoal. 

Parting hy Chlorine . — When gold does not contain more than 
10 per cent, of silver, it may be purified by Miller’s process with 
chlorine gas, first introduced by him in the Sydney Mint. This 
process consists in melting the gold in a clay crucible which has 
been glazed inside with borax, and passing chlorine gas through 
the molten metal by means of a clay pipe. The chlorine at once 
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combines with the silver to form silver chloride, which rises to 
the surface of the molten metal, whilst the chlorides of zinc, 
bismuth, antimony, and arsenic, should these metals be present, 
are volatilised, and the pure gold remains beneath. A layer of 
melted borax is placed on the top of the fused mass in order to 
prevent the silver chloride which is formed from being volatilised. 
The fineness of the gold thus prepared varies from 991 to 997 in 
1,000 parts, whilst the metal obtained by other refining processes 
frequently contains a larger quantity of silver. This method of 
treatment may also be adopted with advantage for refining and 
toughening gold which is rendered brittle by the presence of 
small quantities of antimony, bismuth, tin, arsenic, etc.^ 

Electrolytic Refining and Parting of Gold, — For this purpose 
the Wohlwill process is used, which in its latest form ^ uses a 
combination of a direct and an alternating current, as by this 
means it is found that the difficulties presented when the 
amount of silver in the bullion exceeds 50 parts per 1,000 are 
lessened. The electrolyte contains from 2 to 5 per cent, of 
hydrochloric acid, and from 2-5 to 6 per cent, of gold chloride. 

Refining Gold Bullion with Oxygen Gas, — Rose ® has shown 
that impure bullion and zinc precipitates from the cyanide 
process may be refined and toughened by blowing a stream of 
oxygen or air through the molten metal contained in a crucible 
and covered with a slag, made by the addition of borax and 
silica to the crucible charge. The metals are oxidised in 
succession, each in turn partially protecting those which are less 
easily oxidised than itself. 

236 Preparation of Pure Gold, — In order to prepare a gold con- 
taining less than one part of impurity in 10,000, gold comets are 
dissolved in aqua regia, the liquid evaporated down, and traces 
of platinum removed by the addition of potassium chloride and 
alcohol. The clear solution of gold chloride is then allowed to 
stand, decanted from any precipitated chloride of silver, and 
reduced by warming with oxalic acid. The precipitate is re- 
peatedly washed with hydrochloric acid, water, and ammonia, 
and is then fused in a clay cmcible with potassium bisulphate 
and borax. 

237 Properties, — Gold is distinguished from all the other 
metaUic elements by its bright yellow colour. It crystallises in 

1 Roberts-Austen, First Annual Report of the Mint, 1870, 95. 

* Met. and Chem. Eng., 1910, 8, 82. 

* Trans. Inst. Mtn. and Met., 1904-1905, .377. 
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the regular system, and in the native state is often found in 
distinct though small crystals. Some Australian gold worth 
about £1,100 consisted of grains from the size of a large pea to 
that of small grains of sand, all of which were more or less perfect 
dodecahedra.^ Native gold has also been found crystallised 
in a very great variety of other forms of the regular system.* 
These small crystals are frequently connected together, so as to 
form hair-like filaments termed moss-gold, Liversidge * has ob- 
tained this form of gold artificially. He noticed the occurrence 
of crystallised gold in certain specimens of Australian auriferous 
pyrites, and he therefore roasted this mineral in a muffle, for the 
purpose of removing arsenic and sulphur, but at a temperature 
insufficient to bring about the fusion either of the mineral or of 
the gold. On removing the' sample from the muffle, small cauli- 
flower-like excrescences of metallic gold were observed on the 
surface of the mass, these excrescences being composed of fine 
filaments of the metal often wound round in spiral coils. This 
form of gold has also been obtained by Moissan ^ by distillation 
of gold in the electric furnace. 

Gold precipitated from a concentrated solution by ferrous sul- 
phate forms very small cubes, and that obtained by reduction 
with oxalic acid consivsts of minute octahedra, which are usually 
much distorted, whilst both forms are obtained when solutions 
of auric chloride or bromide are reduced with formaldehyde in 
the presence of nitric or hydrochloric acid.^ 

When an amalgam containing 5 per cent, of gold is heated 
for eight days to 80°, and then treated with hot nitric acid, an 
aggregate of crystals, some of which are 6 mm. in length, may 
be obtained. These, after heating to get rid of the mercury, 
have a bright lustrous appearance. 

Gold is softer than silver, and is the most ductile of metals. 
This was known to Pliny, who says : ‘‘ Superque omnia netur, 
ac texitur lanes modo.’’ ® 

Although the relation which the Roman weights and measures 
bear to those in use in the present day is still somewhat un- 
certain, the following statement may be of interest as showing 
the progress of the art of gold-beating. In the first place we 
read in Pliny, “ nec aliud laxius dilatatur, aut numerosius 

^ Dana, System, of Mineralogy ^ 6th ed , p. 8; see also Liversidge, Joum, 
Chem. Soc., 1897, 71, 1125. 

* von Bath, Zeit. Kryst. Min., 1877, 1, 1. 

» Proc. Roy. Soc. N.S.W., 1876, 126. * Cotnpt. rend, 1906, 14, 977. 

* AwerkiefT, J. Russ. Phys. Chem. Soc., 1902, 34, 828. « N.H., 33, 19. 
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dividitur, utpote cujus unoiee in septingenas et quinquagenas, 
pluresque bratteas, quat ernum utroque digitorum spargantur.” ^ 
Then in 1621 Mersenne mentions that the Paris gold-beaters 
were in the habit of obtaining 1,600 leaves from one ounce of 
gold, which would cover 105 square feet. In 1680 Halley states 
that in his time a grain of gold could be drawn into a wire 98 ells 
in length, whilst Reaumur mentions in 1711 that one ounce of 
gold can be hammered out so as to cover 146-| square feet, and 
according to newer statements one grain may be made to cover 
66-75 square inches, or one ounce to cover 189 square feet, whilst 
280,000 leaves have to be placed one upon another to occupy 
the thickness of one inch. One grain of gold also serves to gild 
two miles of fine silver wire, whilst the thickness of such deposits 
of gold as, for example, that on gold lace is about 0-000002 mm. 
Gold is extremely ductile, and gold wire can be drawn so fine 
that 3,240 metres of it weigh only one gram. Gold leaf has 
usually a thickness of about 0-0001 mm., and allows green light 
to pass through it. 

The relations of finely-divided gold to light have been care- 
fully examined by Faraday.^ By spreading a leaf of gold on a 
glass plate and then pouring on to it a solution of potassium 
cyanide, Faraday succeeded in obtaining films of gold of extreme 
tenuity. The green colour which ordinary gold leaf exhibits 
by transmitted light passes into a ruby-red when the highly 
attenuated film is heated to 316°. At 550°, gold leaf becomes 
apparently transparent,^ due to the aggregation of the gold 
leaving spaces through which light passes, the metal itself be- 
coming opaque. The red colour of ruby glass is due to the 
presence of metallic gold in an extreme state of division.^ This 
is also the case with the above-mentioned film, the original 
green tint of which can be brought back by burnishing its surface. 

The specific gravity of crystalline gold obtained by reduction 
of auric chloride ® is 19-431 at 20°, whilst gold distilled in vacuo was 
found to have the specific gravity 18-884 at 20°/4°, which increased 
to 19-2685 when the metal was submitted to a pressure of 10,000 
atmospheres.® It melts at 1064°, expanding considerably in the 
act of fusion and forming a bluish-green liquid. Gold loses 

^ N.H., 33, 19. An ounce of gold can bo hammered mto 750 leaves, each 
of which is 4 digits (about 3 inches) square, 

2 Phil Trans., 1857, 147, 145. 

3 Turner, Roy. Soc. Proc., 1908, [A], 81, 301. 

* Zsigmondy, “ Zur Erkenntnis dcr Kolloide,” Jena, 1905. 

3 Awerkieff, Zeit. anorg, Chem., 1903, 35, 329. 

® Kahlbaum, Roth, and Siedler, Zeil anorg. CJpem., 1902, 29, 177. 
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weight perceptibly on heating even at temperatures only 100° 
above its melting point ; ^ it may be distilled in the electric 
furnace, and condenses in yellow leaflets, in moss-like filaments, 
or in yellow cubes.^ 

Gold has the specific heat 0*0324 ; it is exceeded in conductivity 
for heat and electricity only by silver and copper, its electrical 
conductivity being 76*7 per cent, and its thermal conductivity 
63*2 per cent, of that of silver. 

Gold is not attacked at any temperature either by oxygen or 
by water, and it also remains unacted upon when fused with 
potassium chlorate. Alkalis and the nitrates, however, attack it. 
Gold does not dissolve in any single acid, with the exception 
of selenic (Mitscherlich), but it dissolves readily in aqua regia, 
or in any acid liquid in which chlorine, bromine, or iodine® 
is evolved, and in solutions of the easily decomposable per- 
halogen compounds of the metals, such as FeBrg, C0CI3, etc. 

238 Colloidal Gold , — Solutions of colloidal gold, which are 
either red, purple, blue, or green, have been prepared in a number 
of ways. Red and blue solutions of colloidal gold were prepared 
by Faraday by reducing gold chloride by means of phosphorus. 
Bredig ^ obtained reddish-purple and blue solutions by passing 
an electric arc under w^ater between gold wires (see p. 82); these 
solutions decomposed hydrogen peroxide, whilst freezing or 
the addition of electrolytes caused the separation of metallic 
gold. When aluminium foil is placed in an aqueous solution 
of auric chloride, colloidal gold is formed after some hours.® If 
aluminium chloride be added to the auric chloride solution, 
however, the gold is simply replaced by the aluminium, no 
colloidal gold being formed.® Colloidal gold has also been 
prepared by warming solutions of auric chloride with sodium 
lysalbate or protalbate,’ formaldehyde, hydrazine hydrate, sugar 
solution, and other reducing agents,® and also by the action of 

' Rose, Journ. Chem, Soc., 1893, 63, 714. 

Moissan, Compt, rend., 1905, 141, 977. 

® Nickles, Ann. Chim. Fhys., 1807, [4], 10, 318. 

^ ZetL angeio. Chem., 1898, 951. 

® Camot, Compt. rend., 1883, 97, 105, 169. 

•* Dauve, J. Pharm. Chim., 1909, [6], 29, 241. 

7 Paal, Ber., 1902, 36, 2236. 

® Zsigmondy, Annalen, 1898, 301, 29; Kuspert, Ber., 1902, 35, 4070; 
(iiitbier, Zeit. aneyrg. Chem., 1902, 31, 448; 1902, 32, 347; 1904, 39, 112; 
Henrich, Ber., 1903, 36, 609; Oarbowski, ihid., 1903, 36, 1215; Ranriot, 
Compt. rend., 1904, 138, 1044; Vanino and Hartl , Ber., 1905, 38, 463; 1906, 
39, 1696; Donau, Monatsh , 1906, 26, 526; Vanmo, Zeit. Chem. Ind. Kollotde, 
1907, 2, 61. See also An Introduction to the Physics and Chemistry of Colloids, 
Emil Hatschek. (J. and A. Churchill). 
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the mould aspergillm ori/zcB on very dilute solutions of this 
salt.^ 

The different colours of colloidal gold solutions are due to 
differences in the forms of particles.^ Distinct forms exist 
for the red and blue solutions, the violet is formed by a mixture 
of these, whilst the green is due to the condensation of the 
particles which give rise to the red and blue. By their action 
upon Jf-rays it has been shown that the particles of colloidal 
gold are actually crystalline.^ 

Hatschek and Simon have studied the reduction of gold in 
gels with a view of explaining the nature of gold in various ore 
deposits.^ 

When alcohol is added to the red solution obtained by the 
action of formaldehyde on auric chloride, the gold is precipitated 
in a form soluble in water (Zsigmondy). 

239 Purple of Cassius, — This body, which is used in the pre- 
paration of ruby glass, was discovered by Andreas Cassius, who, 
however, did not publish anything on the subject, though his 
son of the same name published a pamphlet in 1685 entitled 
De eoctremo illo et perfectissimo ncUurce opijicio ac principe 
(errenorum sidere, Aura, et admimnda ejus natura — cogitata, 
ejcperimeniis illustraia. In the previous year, however, a Hessian 
mining official, Orschal, published a paper, Sol Sine Vesta : or, 
Thirty Experiments to Draw out its Purple from Gold. He de- 
clared that he had learned the process from Cassius, and that 
it consisted in precipitating gold with tin. After that time 
many investigations were made on this pigment without any 
satisfactory explanation of its chemical nature being arrived at. 
A variety of recipes was given for its preparation, in all of which 
gold chloride was precipitated by a mixture of stannous and 
stannic chlorides. This precipitate is, according to the mode 
of preparation, either of a dark purple-red or of a reddish-brown 
colour, but yields a brown powder on drying. The process by 
which the finest purple is obtained is, according to Fuchs, to add 
stannous chloride to a solution of ferric chloride until the yellow 
colour is changed to a pale green, and then to precipitate the gold 
solution with this mixture. The precipitate contains tin oxide 
in varying quantities, and some chemists have supposed that 

^ Vanino and Hartl, Ber., 1904, 37, 3620. 

2 Steubing, Ann, Phystk,, 1908, [4], 26, 329. 

® Scherrer, Nachr. Oes, Wtsa, Ootlingen, 1918, 96. 

* Trans. Inst. Mm. and Met., 1912, 21, 451. 
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the cjompound is a gold stannate, but this view is contradicted 
by the fact that when purple of Cassius is dried and then tri- 
turated, the powder assumes a metallic lustre, and on heating 
does not evolve oxygen. On the other hand, it is found that the 
freshly precipitated and moist pigment is soluble in ammonia 
forming a purple-coloured liquid which deposits gold when it is 
exposed to light or is heated ; ^ the excess of ammonia can also be 
removed by dialysis leaving a colloidal solution of gold and 
stannic oxide.^ Mercury does not extract gold from purple of 
Cassius. A similar purple colour is obtained by adding excess of 
mercurous chloride or a mixture of mercurous chloride with 
barium sulphate in suspension to a solution of auric chloride, s 
whilst Moissan^ has obtained it by the distillation in air of 
an alloy of gold and tin, when the tin burns to tin oxide 
and purple of Cassius is deposited in the cool parts of the tube. 
This chemist has also obtained similar purple substances by 
distilling gold with alumina, magnesia, zirconia, silica, lime, or 
other oxides, and concludes that purple of Cassius is a lake of tin 
oxide coloured by very finely divided gold. The literature 
respecting the purple of Cassius up to 1866 has been collected by 
J, C. Fischer.® 

240 Gilding , — The art of gilding is mentioned by Moses, and 
Pliny states that objects of wood and marble are gilt by means 
of gold leaf, whilst metallic surfaces are gilt by help of quick- 
silver. Gold leaf is obtained from gold foil by hammering 
pieces, each having an area of a square inch and weighing six 
grains, first between sheets of vellum or tough paper, and 
afterwards between leaves of gold-beater’s skin — a, material 
prepared from the caecum of the ox. The small cuttings and 
waste leaf are employed for the preparation of the shell gold 
used by painters. 

A variety of methods is employed for gilding metals. In gilding 
by immersion the well-cleaned objects are dipped into a boiling 
solution of gold chloride and potassium bicarbonate; whilst 
in wash-gilding a gold amalgam is rubbed on the surface, the 
mercury afterwards driven off by heating and the surface either 
burnished, or deadened by being heated with a fused mixture 

^ Sec also Muller, J. pr. Chem., 1884, [2], 80, 252. 

^ Schneider, Ze\t. anorg, Chem.^ 1893, 5, 80. 

*** Antony and Lucchesi, Gazz., 1896, 26, li., 196. 

Compt. rend., 1906, 141 , 977. See also Debray, ibid , 1872, 75 , 1026, and 
Zsigmondy, Annalen, 1898, 301 , 361. 

« Dtngl. Polyt. Joum., 1866, 182 , 39. 
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of common salt, saltpetre, and lime, when a small quantity 
of chlorine is Uberated which etches the gold. These older 
methods have now, however, been almost completely supplanted 
by the electro-depositim of gold. For this purpose a solution of 
gold cyanide in potassium cyanide is employed, a gold plate 
being used as the positive electrode. The colour of the deposited 
gold can be modified by adding to the gold solution salts of 
silver or copper, or both, when alloys are deposited. 

241 Alloys of gold , — Pure gold is very soft, and is soon worn 
away by use. Hence, for the purpose of coinage, and for the use 
of the goldsmith, it is alloyed with copper or silver, or with both 
together, the resulting alloys being much harder than pure gold. 
Copper imparts to the gold a red colour, and lowers its fusing- 
point. This alloy was formerly called red-carat gold, because 
the fineness of a gold alloy used to be universally expressed in 
carats, 24-carat gold being pure gold. In England at the present 
time five legal standards exist for gold ware ; 22-carat or standard 
gold, 18, 16, 12, and 9-carat gold, the meaning of this being that 
24 parts by weight of the alloy contain 22, 18, 15, 12, and 9 parts 
of gold respectively. 

In the case of the coinage, however, the fineness of gold is 
generally expressed in parts per 1,000. Thus, for instance, 
English standard gold, being 22-carat gold, has a fineness of 
916*67. In the German, American, and Italian coinage standard 
gold is of 21*6 carats, or has a fineness of 900. Eed-carat orna- 
ments are frequently covered with a thin coating of pure gold by 
heating them and then dipping them for a short time in dilute 
nitric acid. 

The alloys of gold and silver are called white alloys, and have 
a greenish-yellow colour if they do not contain too small a quantity 
of silver, whilst when the latter metal is present in larger amount 
the alloy assumes a yellowish-white shade. A gold-silver alloy 
of varying composition occurs naturally as electrum, often found 
in crystals belonging to the regular system and containing from 
16 to 35 per cent, of silver. 

Trinket gold contains both copper and silver. It is hard, 
and, according to the proportion of its materials, possesses 
either a yellowish-red or a whitish colour. 

Various other alloys have been examined and described. Of 
these the aluminium gold-alloys are distinguished by the rich- 
ness and variety of their colours.^ 

^ Roberts-Auflten, Proc, Roy, Soc,, 1892, 60» 367. 
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Gold combines with arsenic, antimony, and bismuth, when 
heated with these elements. The addition of one part of the 
last named metal to 1,920 parts of gold is sufficient to render the 
gold brittle. 

Gold-amalgam . — Gold readily combines with mercury, the 
mixture becoming solid when 16 per cent, of gold is present. 
Crystalline amalgams of varying composition can be obtained 
artificially, whilst others occur naturally in California, Columbia, 
and Victoria. The mercury may be almost entirely removed 
from these amalgams by distillation at a red-heat, but the gold 
retains 0*1 per cent, practically up to its melting point. 


COMPOUNDS OF GOLD. 

242 Gold forms two chief series of compounds, the auric com- 
pounds in which it is trivalent, and the aurous compounds in 
which it is monovalent. The best known salts are those of the 
halogen acids, and hydrocyanic acid. These readily form double 
salts, as do aurous sulphite and thiosulphate. Auric oxide has 
well-marked acidic properties, as have also the various sulphides 
of the metal. The compounds \^ith the halogens, oxygen and 
sulphur are all decomposed into their elements by heat, whilst 
reducing agents very readily precipitate the metal from the 
solutions of its salts. 


Gold and Oxygen. 

243 Gold does not combine directly with oxygen, and the two 
compounds, aurous oxide, AugO, and auric oxide, AugOg, are 
obtained from the corresponding halogen compounds. A third 
compound, auro-auric oxide, (AuO)n, is formed by the partial de- 
composition of auric hydroxide at 160°. The substance formerly 
known as purple oxide of gold appears to be nothing but finely- 
divided gold, and the oxides AU2O4 ^ and AugOg appear not to 
exist. All the oxides decompose into gold and oxygen when 
they are heated. Auric oxide acts towards strong bases as an 
acid-forming oxide, whilst it also forms salts with acids. 

Gold Monoxide^ Aurous Oxide, AugO. — The hydroxide, AuOH, 
is formed when the corresponding chloride is treated with cold 
dilute caustic potash (Berzelius), and when a solution of the 
trichloride is boiled with the potassium salt of acetic or 
^ Prat, Compt, rend,, 1870, 70, 842. 
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another organic acid. It may be prepared pure by reducing 
potassium auribromide, KAuBr 4 , with sulphurous acid, and 
then warming with dilute potash. It is a powder which 
when moist has a dark-violet colour, and becomes gre 3 dsh- 
violet when dry. When freshly prepared it forms with cold 
water an indigo blue liquid ^ from which the oxide is removed 
when barium sulphate is precipitated in it.^ It loses water at 
200°, and is decomposed at 250° into gold and oxygen. When 
treated with hydrochloric acid, it yields gold and the trichloride, 
slowly in the cold, more rapidly on boiling. Sulphuric acid and 
nitric acid do not act on it, but it is easily dissolved by aqua regia. 

Gold Trioxide, Auric Oxide, AugOg. — The substance termed 
calx of gold by the early chemists was nothing more than the 
finely divided metal. Bergman was the first to state that the 
precipitate produced by alkalis in the gold solution was dephlo- 
gisticated gold; but the oxide was examined more carefully in 
1806 by Proust, and in 1811 by Oberkampf. Gold trioxide is a 
brownish powder, obtained by carefully heating the hydroxide. 
If this be more strongly heated, it gives off oxygen, and is 
converted into a brown powder of metallic gold. 

Gold Trihydroxide, Auric Hydroxide, Au(OH) 3 , is best obtained 
by heating a solution of gold trichloride with an excess of mag- 
nesia, and well washing the precipitate with dilute nitric acid 
(Pelletier). The gold solution may also be treated with caustic 
potash until the precipitate which is formed is redissolved, and 
then the dark-brown solution boiled until its colour becomes 
light yellow, a slight excess of sulphuric acid added, and the 
precipitate washed. The hydroxide thus prepared always con- 
tains a little potash, and for this reason it is dissolved in con- 
centrated nitric acid, again precipitated by water, and dried in a 
vacuum. According to Thomsen a better method is to precipitate 
the brown solution by Glauber’s salt, when it is obtained in a 
form resembling precipitated ferric hydroxide. Gold trihydr- 
oxide when kept over phosphorus pentoxide is converted into a 
chestnut-brown powder of auryl hydroxide, AuO(OH), which at 
140 — 150° yields auric oxide (Kriiss). 

When the hydroxide is warmed with alcoholic potash reduc- 
tion occurs, and the metal is produced in the form of fine 
glistening scales, which are employed in miniature painting. 
It is a weak base, which dissolves slightly in concentrated 
sulphuric acid, and more readily in nitric acid, from which 

' Kriiss, Ber., 1880, 19, 2641. * Vanino, Ber,, 1906, 38, 462. 
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solutions it is again precipitated by the addition of water. It 
forms the corresponding halogen salts with hydrochloric and 
hydrobromic acids. Gold trioxide is also an acid forming oxide, 
and its salts are termed aurates. 

Potassium Aurate, ELAnOgiSHgO, is obtained in the form of 
small yellow needles by evaporating in a vacuum a solution of 
auric hydroxide in caustic potash ; ^ these are easily soluble in 
water and have a strong alkaline reaction. It is very unstable, 
and its solution is used for gilding copper and other metals. 

The other aurates are less completely investigated. The solu- 
tion of the potassium salt yields precipitates with many metallic 
salts.2 

Auroauric OxHLe^ (AuO),!, is formed when auric hydroxide is 
heated at 160^^. It is a dark yellowish-brown hygroscopic 
powder which loses oxygen at 173"^.^ 

Gold and the Halogens. 

244 Gold unites with chlorine and bromine directly to form 
the auric compounds, AuClg, AuBrg, which are easily soluble in 
water. These readily combine with the halogen acids and their 
salts with monovalent metals or radicles to form complex sub- 
stances such as aurichloric acid, HAUCI4, and the aurichlorides. 
The salts of this acid with the organic bases, such as methyl- 
amine aurichloride, N 113(0113) AUCI4, are often used for the 
characterisation of the latter. Both the halogen compounds 
themselves and their compounds with the corresponding 
acids decompose when heated, metallic gold being finally left. 

The aurous compounds are unstable and readily decompose 
when heated. They are insoluble in water, like the correspond- 
ing silver and cuprous compounds. 

The substances described as auroauric chloride and bromide,^ 
AU2CI4 and Au2Br4, have been proved to be nothing but mixtures 
of metallic gold with the corresponding auric salt. 

Aurms Chloride, AuCI, is best obtained by carefully heating 
the trichloride to about 175®. It is a yellowish powder of 
specific gravity 7*4,® wliich decomposes gradually into gold and 
chlorine at 185®, more rapidly at a higher temperature. 

^ See also Meyer, CompL rend., 1907, 146, 805. 

Fremy, Ann. Chtm. Phys., 1851, [3], 31, 480. 

3 Kruss, Ber., 1886, 19, 2541. 

^ Kruss and Schmidt, Ber., 1887, 20, 2634; J. pr. Chem., 1888, [2], 38, 77. 

® Rose, Joum. Chem. Soc., 1895, 67, 881, 905; see also Campbell, Trans. 
Far. Soc., 1907, 3, 103. 
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It is insoluble in water but is decomposed by it slowly in the 
cold, and more rapidly on heating, with formation of metallic 
gold and auric chloride. It dissolves in a solution of potassium 
bromide with formation of metaUic gold and potassium auri- 
chloride and auribromide.^ 

Liquid ammonia acts on aurous chloride at — 28° to form the 
compound AuCl, 12 NH 3 , which loses ammonia on warming, 
yielding AuCl,3NHg, and this above 180° is decomposed with 
formation of ammonium chloride and gold.^ 

Potassium Aurochloride^ KAuCIg, is formed when potassium 
aurichloride, ICAUCI 4 , is heated. It forms a yellow mass, which 
is decomposed by water into gold, potassium chloride, and auric 
chloride. 

Auric Chloride^ or Gold Trichloride^ AuClg. — The Latin Geber 
and all the later chemists were acquainted with the fact that 
gold dissolves in aqua regia. When this solution is evaporated 
to dryness a portion of the chloride is decomposed with forma- 
tion of aurous chloride (Berzelius). In order to prepare the 
pure anhydrous chloride the best process is that proposed by 
Thomsen. It consists in acting upon gold powder with chlorine 
and treating the mass with a small quantity of water. When 
gently heated, any aurous chloride decomposes as before de- 
scribed, the metallic gold is filtered off, the solution evaporated 
gently, and then heated to 150°, when anhydrous auric chloride 
remains as a brown crystalline mass which is soluble in ether. 
The anhydrous chloride is also formed by heating gold leaf in 
chlorine to 300°, or by heating gold with liquid chlorine in a 
sealed tube at 100 °.^ Gold chloride is also formed when gold is 
treated with fuming hydrochloric acid in the presence of a trace 
of manganese chloride and the mixture is exposed to light.® It 
melts at 288° when heated in a sealed tube, and has the sp. gr. 
4*3. When the brownish-red aqueous solution is evaporated 
until a crystalline film is formed on the surface, large dark 
orange-red crystals of AuCl 3 , 2 H 20 are deposited. These 
deliquesce in moist air, whilst they effloresce in dry air. 

The chloride dissociates very slowly below 100°, more rapidly 
at higher temperatures, with formation of aurous chloride, 
chlorine, and gold. The dissociation pressure of the chlorine is 
about 1 atmosphere at 251°, and 4 atmospheres at 330°. In 

^ Lengfeld, Amer, Chem. J„ 1901, 26, 324. 

* Meyer, Compt. rend,, 1906, 143» 280. 

* Berthelot, Compt, rend,, 1904, 138» 1297. 
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spite of this dissociation the chloride can be sublimed in a stream 
of chlorine at all temperatures up to 1 , 100 °, the most rapid 
volatilisation taking place at the melting point.^ 

Very dilute aqueous solutions of auric chloride are decom- 
posed on heating for some time, or on continued exposure to 
direct sunlight, metallic gold being precipitated and hydrogen 
peroxide formed in the solution.^ 

Gold chloride in solution is decomposed by charcoal, and 
Avery® has quantitatively determined the hydrogen chloride 
and carbon dioxide produced by the reaction, and considers 
that the equation proposed by Konig ^ is substantiated, thus : 

4 AUCI 3 + 6 H 2 O + 30 = 4Au + 12HC1 + SCOg. 

Gases occluded by charcoal, such as hydrogen and carbon 
monoxide, will, however, also reduce gold chloride. 

According to Brusson,^ charcoal adsorbs gold either when 
shaken with a solution of gold chloride, or when a solution is 
filtered through charcoal. In all cases, the gold was completely 
withdrawn from solution, chlorine being left behind. 

Gold chloride is largely used in photography for toning silver 
prints, a process which consists in the partial replacement of the 
silver by metallic gold. 

AuTichhric Acid or Chloro-auric Acid, HAUCI 4 . — When 
hydrochloric acid is added to a neutral solution of auric chloride 
it becomes yellow, and the liquid then contains the above 
compound in solution. The same substance is obtained when 
gold is dissolved in aqua regia containing an excess of hydro- 
chloric acid. When either of the above solutions is evapor- 
ated and allowed to stand over quick lime, long yellow needles 
of nAuCl 4 , 3 H 20 are deposited,® which deliquesce on exposure. 
The solution has a bitter taste, is poisonous, and colours the 
skin, nails, ivory, etc., a purple-red tint when exposed to light. 
This fact was mentioned in 1663 by Boyle as being one then 
not generally known. 

Gold is precipitated quantitatively in solutions containing 

^ Debray, Compt, rend., 1869, 69 , 986; Kruss, Annalen, 1887, 238 , 249; 
Ber„ 1887, 20 , 2634; Rose, Joum. Chem, Soc., 1896, 67 , 881; Meyer, CompU 
rend,, 1901, 133 , 816. 

^ Sonstadt, Chem, News, 1898, 77 , 74; Proc, Chem, Soc., 1898, 179. 

* J, Soc, Chem, Ind„ 1908, 27 , 266. * Chem, News, 1882, 46 , 216. 

* Zett, Chem, Ind, KolUnde, 1909, 6, 137. 

* Weber, Jahresber., 1867, 314; Schottldnder, Annalen, 1883, 217 , 312; 
Schmidt, Chem, Centr,, 1906, ii., 865. 
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aurichloric acid by formaldehyde after neutralising with sodium 
hydrate.^ 

On adding silver nitrate to a solution of aurichloric acid, a 
brown precipitate is obtained thus : ^ 

HAUCI4 + 4AgN03 + 3H2O = Au(OH)3,AgCl + 4HNO3. 

By the action of ammonia this is converted into fulminating 
gold, Au(OH)2-NH2. 

Potassium Aurichloridet KAUCI4. — ^When a strongly acid solu- 
tion of auric chloride, to which the calculated quantity of potass- 
ium chloride has been added, is allowed to evaporate at a 
gentle heat, light-yellow monoclinic needles having the com- 
position 2KAuCl4,H20 are deposited. On the other hand, 
when the neutral or slightly acid solution is employed, large 
transparent rhombic tablets of KAuCl4,2H20 are formed, which 
easily effloresce on exposure. When heated these melt with 
evolution of chlorine, forming potassium aurochloride, KAuC^. 

Sodium Aurichloridey NaAuCl4,2H20, is obtained by dis- 
solving common salt in a solution of auric chloride and con- 
centrating the solution, when it is deposited in yellowish-red 
rhombic tablets or prisms, which do not alter on exposure. 

Ammonium Auricliloride, NII4AUCI4, appears to have been 
prepared by the alchemists, who employed aqua regia containing 
sal-ammoniac for dissolving gold, and on cooling the solution 
obtained crystals which they considered to be a true gold vitriol. 
From the neutral solution large light-yellow rhombic tablets of 
the composition 2NH4AuCl4,5H20 separate. These are tolerably 
permanent. From an acid solution, on the other hand, the 
salt 4NH4AuCl4,5H20, crystallises in monoclinic plates. Both 
salts become anhydrous at 100°. 

The chlorides of the calcium and magnesium groups, as well 
as those of manganese, nickel, cobalt, and thallium, also form 
crystalline aurichlorides. 

Autous Bromide, AuBr, is formed as a greenish-yellow 
micaceous powder when auribromic acid, HAuBr4, is heated at 
115 °, but is decomposed at a higher temperature. It is insoluble 
in water, and hydrobromic acid decomposes it into gold and the 
compound from which it has been obtained. It dissolves in 
potassium cyanide solution without decomposition, and in 
ammonia with partial decomposition.® 

^ Vanino and Hartl, ZeiL Chem, Ind, Kolloide, 1907, 1, 272. 

^ Jacobsen, Compt. rend., 1908, 146, 1213. 

^ Lengfeld, Amer» Chem. J., 1901, 324. 
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Aurous bromide when acted on by dry ammonia gas at 18® 
yields the white compound AuBr,2NH3, which is decomposed 
by heat into its elements, and by water with formation of 
ammonium bromide and gold.^ 

Auric Bromide^ or Gold Tribromide, AuBrg. — Finely-divided 
gold dissolves slowly in an aqueous solution of bromine (Balard). 
In order to obtain the anhydrous compound, bromine is allowed 
to act upon gold powder, and the tribromide is extracted from 
the product by ether. When the solution is evaporated at a low 
temperature, the tribromide remains behind as a black crystal- 
line crust, which dissolves slowly in water. The concentrated 
solution is viscid and almost black (Thomsen). 

When heated, auric bromide dissociates, forming a green mass 
of aurous bromide, and at higher temperatures this latter 
dissociates into its elements.^ 

Auribromic Add, HAuBr4,5H20, is formed when bromine is 
allowed to act upon gold powder, and as soon as the reaction 
is over, a quantity of hydrobromic acid, having a specific gravity 
of 1*38, equivalent to the quantity of gold present, is added, and 
then more bromine until the gold is completely dissolved. It 
crystallises in dark cinnabar-red flat needles, and melts at 77®. 

Potassium Auribromide, KAuBr4,2H20, is prepared by adding 
bromide to powdered gold in presence of the requisite amount 
of potassiimi bromide. It is also formed together with metallic 
gold when aurous bromide is dissolved in potassium bromide 
(Lengfeld). It forms reddish-purple monoclinic crystals. 
Similar compounds of the other soluble bromides are also known.® 

Aurous Iodide, Aul, is formed when hydriodic acid acts upon 
gold oxide : 

AU2O3 + 6III = 2AuI -f 3H2O + 2I2. 

It is also formed when dry iodine is heated with metallic gold ^ 
between 50® and 114®, and also when the neutral trichloride is 
precipitated by a solution of three molecular proportions of 
potassium iodide, iodine being liberated. When finely-divided 
gold is boiled with hydriodic acid and a small quantity of nitric 
acid, and the filtrate allowed to rim into hydriodic acid, a lemon- 
yellow coloured crystalline powder of aurous iodide is formed. 
It is when pure a very imstable white powder, which assumes a 
green colour when exposed to the air and deposits a bright surface 

* Meyer, Com^pt. rend., 1906, 143, 280. 

2 Ihid., 1909, 148, 346. 

* Thorpe and Laurie, Joum, Chem. Soc., 1887, 51, 576. 

* Meyer, Compt* rtnd.f 1904, 188, 733, 
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of metallic gold on the inside of the vessel in which it stands. 
The decomposition takes place more quickly on warming, and 
is complete at 190°. Aqueous acids decompose it only when 
heated. 

Aurous iodide forms with either liquid or gaseous ammonia 
the compounds AuI,6NH3 and AuIjNHg, which are decomposed 
by heating or by addition of water.^ 

Auric Iodide^ Aulg. — ^When a neutral solution of auric chloride 
is added to one of excess of potassium iodide, the liquid becomes 
of a dark-green colour, and yields a green precipitate, which on 
agitation dissolves again, inasmuch as potassium auri-iodide 
is formed. If, however, more gold solution be added, a per- 
manent precipitate is formed, and this, after washing, may 
be dried, but it evolves iodine, and is converted on standing 
into aurous iodide. It forms dark-coloured crystalline auri- 
iodides with the soluble iodides, but it is doubtful whether the 
free acid exists.^ 


Gold and Sulphur. 

245 Gold does not combine directly with sulphur, but three 
sulphides corresponding in composition with the three oxides can 
be prepared indirectly. They are all dark-coloured powders 
which decompose into their elements when they are heated, and 
are soluble in the alkali sulphides. 

Aurous Sulphide^ AugS, is prepared by passing sulphuretted 
hydrogen into a solution of aurous cyanide in potassium cyanide 
and then acidifying. It forms a brownish-black powder whicli 
is soluble in water when it is freshly precipitated, but loses this 
property when it is dried. It is not attacked by hydrochloric 
or sulphuric acids, but dissolves readily in potassium cyanide. 
This sulphide is also formed, mixed with gold and sulphur, when 
sulphuretted hydrogen is passed into a hot solution of auric 
chloride.® 

Sodium Aurosulphide^ NaAuS,4H20, is obtained by heating 
metallic gold with sodium sulphide and sulphur, and treating 
the fused mass with water. The solution is filtered in an atmo- 
sphere of nitrogen and evaporated in a vacuum over sulphuric 
acid. Colourless, monoclinic prisms are then deposited which 
soon become brown on exposure to air. The same salt is formed 

^ Meyer, Compt, rend,, 1906, 143, 280. 

* Johnston, Phil. Mag., 1836, [3], 9, 266. 

3 Hoffmann and Kruss, Ber.^ 1887, 90, 2369. 
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when aurous or auro-auric sulphide is dissolved in sodium sulphide 
solution.^ 

That gold can be brought into solution by fusing it with 
liver of sulphur seems to have been known to Glauber, but 
Stahl, in his Observationes Chymico-Physico-Medicce, is the first 
distinctly to mention this fact; and it may be added that he 
there explains that Moses burnt up the golden calf with alkali 
and sulphur, and gave the solution of liver of sulphur containing 
gold to the Israelites to drink. 

Auro-auric Sulphide, AuS, is precipitated when sulphuretted 
hydrogen is passed into a cold neutral solution of auric chloride, 
this sulphuretted hydrogen being partially oxidised to sulphuric 
acid : ^ 

8AUCI3 + 9H2S + 4H2O == 8AuS + 24HC1 + H2SO4. 

It is a black powder which dissolves in sodium sulphide solution 
and is thereby reduced to aurous sulphide, the liquid being found 
to contain sodium aurosulphide and sodium disulphide.^ It 
readily forms colloidal solutions in water and alcohol® and is 
dissolved by potassium cyanide. When left in contact with 
auric chloride it is reduced to metallic gold.^ 

Auric Sulphide, AugSg, is a very unstable substance and cannot 
be prepared by passing sulphuretted hydrogen into a solution 
of auric chloride, nor by heating gold with sodium pentasulphide, 
as stated by Berzelius. It is formed when anhydrous lithium 
aurichloride is treated with dry sulphuretted hydrogen at — 10°.® 
It is an amorphous, graphitic powder, has the specific gravity 
8*754, and decomposes into gold and sulphur at 200°. It is 
decomposed by the sulphides of ammonium but dissolves in 
sodium sulphide forming sodium aurisulphide. Like the other 
sulphides it is soluble in potassium cyanide. Yellow crystals 
of the composition AuS3,NH4 have been prepared by allowing a 
mixture of aqueous auric chloride and ammonium polysulphide 
to stand for several days at 18°.® 

Sodium Aurous Sulphite, 3Na2S03,Au2S03,3H20, is formed 
when sodium hydrogen sulphite is added to a boiling alkaline 

^ Ditte, Com'pU rend., 1896, 120, 320. 

* Levol, Ann. Ghim. Phya., 1860, [3], 30, 366 ; Hoffmann and Kruss, Ber, 
1887, 20, 2074. 

* Schneider, Ber., 1891, 24, 2241; 1892, 26, 1164. 

* Antony and Lucchesi, Gazz., 1889, 19 , 646. 

* Ibid., 1890, 20, 601; 1891, 21, ii., 209. 

« Hofmaim md Hdchtleni Ber,, 1904, 37, 246. 
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solution of sodium aurate, or when this solution is saturated 
with sulphur dioxide at 60°. It is very easily oxidisable, but in 
presence of free sulphur dioxide the solution may be heated 
to boiling without decomposition occurring. When this solution 
is precipitated by alcohol the salt is obtained as a purple powder 
which appears yellow or green by reflected light. The corre- 
sponding ammonium salt, together with a compound of the 
formula (NH4)2S03,3(NH3Au)2S03,3H20, has also been described.^ 

Potassium Auric Sulphite, 5K2S03,Au2(S03)3,6H20, is formed 
when potassium sulphite solution is poured into a solution of 
potassium aurate, the above salt separating from the brown 
liquid in beautiful yellow needles. It is very unstable, and 
easily decomposes with separation of gold. 

Sodium Auro-thiosulpliate, 3Na2S203,Au2S203,4H20, is formed 
by the gradual addition of a neutral 2 per cent, solution of auric 
chloride to a solution containing four molecular proportions of 
sodium thiosulphate. It is necessary to wait after each addition 
until the red liquid which is formed becomes colourless. The 
salt is formed according to the equation : 

8Na2S203+ 2AuCl3= (3Na2S203+ AU2S2O3) + 2Na2S408+ 6NaCl 

It is then precipitated with strong alcohol, and any sodium 
chloride and tetrathionate which may be present removed by 
repeated solution in water and precipitation with alcohol. It 
is also formed by the action of sodium thiosulphate on gold 
in the presence of oxygen. It crystallises in colourless needles, 
which have a sweet taste. Its solution is not reduced by ferrous 
sulphate or oxalic acid, nor is it at once decomposed by hydro- 
chloric acid, or by dilute sulphuric acid, although this occurs 
on standing. 

W^hen barium chloride, and afterwards alcohol, are added 
to its solution a precipitate of the corresponding barium salt is 
obtained, from which a solution of the acid auro-thiosulphate, 
3H2S203 ,Au 2S203, is obtained by addition of the requisite 
quantity of sulphuric acid. This salt is not known in the anhy- 
drous state, but the solution can be evaporated in the air to a 
S3arupy consistency. 

The above compounds do not exhibit the reactions either of 
the aurous salts or of the thiosulphates, and hence it is assumed 
that they contain a compound radicle, whose hydrogen salt is 

* See also Rosenheim, Hertzroann, and Pritze, Zeit, morg. 1908, 

198. 
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the last-named compound. They may, therefore, be written 
H3S40gAu and Na3S406Au,2H20. The extraction of gold from 
auriferous silver ores by means of sodium thiosulphate depends 
on the formation of these compounds. 

Gold Telluride, AuTcg, has been found to occur associated 
with silver telluride in the minerals sylvanite, calaverite, and 
krennerite, in Kalgoorlie, Western Australia, and in Colorado 
and Dakota.^ 

Gold and Nitrogen and Phosphorus. 

246 Anro-diamine or Fulminating Gold, Au(NH)NH2. — 
The preparation of this compound was described with great 
accuracy in the Last Testament of Basil Valentine. He obtained 
it by dissolving gold in aqua regia mixed with sal-ammoniac, 
precipitating with sal-tartari (potashes), and subsequently 
washing with water. He then says : ‘‘ Dry the gold calx in 
the air where no sun shines, and especially not over the fire, 
for as soon as this pow'der is exposed to a little warmth it ignites 
and does a great deal of damage, for it then explodes with such 
great power and might that no man can withstand.’’ He then 
describes its properties, and, amongst others, that it loses its 
explosive power when heated with sulphur. The name of 
fulminating gold (aurum fulminans) was given to it by Beguin 
in 1608. It was, however, also known under other names, and 
was used as a medicine. Angelus Sala, writing in the first half 
of the seventeenth century, mentions that no fulminating gold 
can be prepared if aqua regia made with hydrochloric acid be 
employed instead of that made with sal-ammoniac, and Glauber 
says that the preparation obtained by means of volatile alkali 
(carbonate of ammonia) fulminates much more strongly than 
that made with oleum tar lari (carbonate of potash). In spite 
of these observations, few chemists believed that the volatile 
alkali took part in the composition of the substance, and a great 
number of erroneous observations were made on the subject 
of the composition of fulminating gold.^ Even Black in 1756 
stated that the explosion was due to the sudden evolution of fixed 
air, although Kunkel, a very accurate observer, had already 
pointed out the true cause. For in his Laboratorium Chymicum, 

1 Frenzel, Tsch. Mtn. Mitth., 1897, 17, 288; Chester, Amer, J, Set., 1898, 
[iv], 5, 375; Smith, Trans. Amer. Inst. Mining Eng., 1897, 485; Pittman, 

Records (hoi. Survey N.8.W.i 1898, 6, 203, and others. 

* Koppi OcschicJiie (hr Chemie, 4 , 210. 
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which appeared in 1716, fourteen years after his death, he 
described the preparation of fulminating gold, and discussed the 
various reactions which took place. He then continued : “ Once 
I precipitated the gold with oleum tartan, distilled the men- 
struum to dryness, and then edulcorated ; and I thus obtained a 
fine gold calx which became brown but did not fulminate at all ; 
when, however, the same substance was imbibed several times 
with spiritus urince and very gently dried, it exploded violently.” 
He also said that when this substance was imbibed and afterward 
distilled with oil of vitriol, an acid sal-volatile sublimed in the 
neck of the retort. ‘‘ Hence,” he added, “ thou canst see whence 
the power in the aurum fulminans comes, namely from the sal- 
volatile concentratum.^^ This view was confirmed by the experi- 
ments of Bergman and Scheele, who considered fulminating 
gold to be a compoimd of ammonia and gold calx. Hence the 
Lavoisierians termed this compound oxide d'or ammoniacal. 
The composition of this body was subsequently more exactly 
investigated by Dumas,^ and later by Raschig.^ 

When ammonia is added to a solution of auric chloride, a 
mixture of fulminating gold with auric imidocliloride, Au(NH)Cl, 
is precipitated and cannot be obtained quite free from chlorine 
even by prolonged digestion with ammonia. Pure fulminating 
gold is therefore best prepared by the action of concentrated 
ammonia on auric hydroxide. Wlien dried over phosphorus 
pentoxide it has the composition 2AuN2H3,3H20, and is a dirty 
olive-green powder which explodes with great violence, either 
on percussion or when heated. When it is boiled with water 
a portion of the nitrogen is evolved in the form of ammonia, 
and the powder becomes so unstable that it can scarcely be 
touched without undergoing decomposition. It is decomposed 
by hydrochloric acid with formation of auric chloride and 
ammonium chloride : 

AUN2H3 + 5HC1 = AUCI3 + 2NH4CI. 

With sulphuric acid, on the other hand, it appears to unite, 
forming an extremely explosive sulphate, (AuN2H3)4H2S04. 
Both aurous and auroauric oxides are acted on by ammonia 
with formation of compounds analogous to fulminating gold. The 
aurous compound, sesquiauramine, has the formula NAu3,NH3, 
is not very explosive, and loses half its nitrogen when boiled 
with water, yielding triauramine, NAug. The derivative of 

* Ann, Chm, Fhijs,, 1865, 44, 167. AnnaUn, 1886, fS36, 341. 
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auroauric oxide has the formula NgAugjSHgO, and is violently 
explosive. 

When chloroauric acid in aqueous solution is treated with at 
least five molecules of ammonia,^ the precipitate formed consists 
of a mixture of sesqiiiammineauric oxide, AugOg, SNHg, and 
dimnminoiminodiauric chloride, NH(AuCl,NH2)2. Other com- 
pounds also containing gold and nitrogen in the ratio 1 : 1*5, 
e,g,, 2Au(OH) 3,3NH3, have been obtained. 

If N/5 chloroauric acid is added to a cold saturated solution 
of ammonium chloride and ammonia, a dense yellow precipitate 
of the non-explosive diamino-auric chloride, Au(NH2)2Cl,H20, 
is obtained. Both the foregoing chlorides by treatment with 
aqueous ammonia give sesquiammineauric oxide, which on 
drying at 116° or treatment with hot water gives respectively 
diaynminetriaurous oxide, 3Au20,2NH3 and monoammineauric 
oxide, Au203,2NIl3, both being highly explosive substances. 
By saturating iV/5-chloroauric acid solution first with ammonium 
nitrate and then with ammonia colourless needles are precipitated 
of tetra-ammineauric nitrate, fAu(NH3)4](N03)3, from which 
by double decomposition other salts of the radicle Au(NH3)4 
may be obtained. 

Phosphides of Gold, — Gold and phosphorus do not combine at a 
dull red heat, but the compound AU3P4 is formed by heating 
gold at 400° in phosphorus vapour, the tube being rapidly cooled 
while still full of vapour. It is a grey mass which decomposes 
on heating above the temperature at which it is formed, and is 
attacked by chlorine and aqua regia.^ A phosphide of the 
formula AuP is formed by the action of phosphine on an ethereal 
solution of auric chloride.^ 


Gold and Carbon. 

247 Aurous Acetylide or Aurous Carbide, AugCg. — This com- 
pound is obtained as a yellow powder when acetylene is passed 
into a solution of aurous thiosulphate. It is very explosive 
when dry, and is decomposed by hydrochloric acid with forma- 
tion of aurous chloride and acetylene, whilst it is decomposed 
into its elements by boiling water.^ 

Aurous Cyanide, AuCN. — This compound is obtained by 

1 Weitz, Annalen, 1 915, 410, 117. * Granger, Compt. rend., 1897, 124, 498. 

3 Cavazzi, Qazz., 1885, 15, 40. 

* Berthelot, Ann, Chtm, Phys., 1866, [4], 9, 425; Mathews and Watters, 

J, Amer. Chem* Soc„ 1900, 22, 108. 

« 
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the addition of hydrochloric acid to a solution of the potassium 
double salt, and evaporation on the water-bath, the residue being 
washed in the dark. It is a fine yellow powder, showing iri- 
descent colours, and consists of microscopic hexagonal tablets 
insoluble in water, and, in the dry state, unalterable in the air. 
It is not attacked by the single acids, but dissolves readily in 
aqua regia, as well as in ammonia, ammonium sulphide, and 
sodium thiosulphate. 

Potassium Aurocyanide, KAu(CN) 2 . — This compound, largely 
used in electro-gilding, is best obtained as follows : 7 parts of 
gold are dissolved in aqua regia, precipitated by ammonia, the 
fulminating gold well washed and brought into a boiling solu- 
tion of 6 parts of pure potassium cyanide. The solution is 
then filtered and allowed to cool, when, if it is not too dilute, 
the salt separates out in colourless rhombic pyramids having a 
pearly lustre. These have a saline and at the same time metal- 
lic taste, and are soluble in 7 parts of cold, and in rather less 
than half their weight of boiling water. The mother-liquor of 
these salts contains as impurity potassium chloride and potass- 
ium carbonate, and yields on evaporation impure crystals. 
These are, therefore, decomposed with hydrochloric acid as 
above described, and the resulting aurocyanide dissolved in 
potassium cyanide. 

Potassium aurocyanide is also formed when finely divided 
gold is treated in the presence of air with a solution of potassium 
cyanide ^ (p. 515) : 

4Au + 8KCN H 0^ f 2 H 2 O == 4AuK(ON)2 + 4KOH. 

Ammonium Aurocyanide, NH 4 Au(CN) 2 , is obtained by mixing 
a solution of the foregoing salt with one of ammonium sulphate, 
and removing the potassium sulphate by precipitation with 
alcohol. The crystals have a disagreeable metallic taste, and 
are easily soluble in water, alcohol, and ether. 

Auric Cyanide, Au(CN) 3 , is not certainly known in the free 
state, but exists in combination with hydrocyanic acid and other 
cyanides.'-^ 

Auricyanic Add, 2HAu(CN)4,3H20, is obtained from the 
potassium salt by precipitation with silver nitrate. The pre- 
cipitated silver salt is washed with cold water and decomposed 
by somewhat less than the requisite quantity of hydrochloric 

1 Eisner, J, fr, Che7n , 1846, 37, 333; Johnston, Phtl. Mag., 1836, [3], 9, 
266. 

8 Himly, Anmkn, 1842, 42, 340; and Gm^lin, Handbook, 41, 
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acid. The filtrate yields on evaporation tabular crystals which 
are easily soluble in water, alcohol, and ether. 

Potassium Auricyanide^ 2KAu(CN)4,3H20, is obtained by 
mixing hot concentrated solutions of gold trichloride and potas- 
sium cyanide. On cooling it crystallises in large colourless 
eifflorescent tablets. It is used for electro-gilding. 

Ammonium Auricyanide^ NH4Au(CN)4,2Il20, is formed when 
auric hydroxide is dissolved in ammonium cyanide. It forms 
either four- or six-sided tablets which ar^ easily soluble in water 
and alcohol, but not in ether. 

Aurous Thiocyanate is only known in combination with other 
thiocyanates. Potassium aurotlmcyanaie, AuSCN,KSCN, is 
obtained with evolution of thiocyanic acid, when a neutral gold 
solution is poured into a hot solution of potassium thiocyanate. 
It crystallises in yellow obtuse j)risms. When hydrochloric 
acid is added to the solution copper-red needles separate out, 
and silver nitrate precipitates the double silver gold thiocyanate^ 
AuSCNjAgSCN. Ammonia also produces a white precipitate 
of aurammmium thiocyanaie^ (AuNH3)SCN. 

Auric Thiocyanate is not known in the free state, but if a 
solution of gold trichloride be precipitated with potassium thio- 
cyanate in the cold, an orange-yellow precipitate of KAu(SCN)4 
is thrown down, which crystallises in slender needles and is 
partially decomposed by hot water. 

Detection and Estimation of Gold. 

248 When a gold compoimd is heated on charcoal in the 
reducing flame, a yellow malleable bead is obtained wliich 
dissolves in aqua regia. If this solution be dropped on to filter 
paper and one drop of stannous chloride added, a purple red 
colour is observed. Gold can be readily detected in its solutions 
inasmuch as it is obtained in the metallic state by reducing 
agents, the well-washed precipitate being dissolved and the 
solution tested with stannous chloride. This is best done by 
pouring the boiling solution which is supposed to contain gold 
into a small quantity of concentrated stannous chloride solution. 
If gold be present, the precipitated stannous hydrate has a 
purplish colour. One part of gold in 100,000,000 of water can 
thus be detected.^ 

In the ordinary method of analysis gold is precipitated along 
with tin, antimony, arsenic, and platinum. The method adopted 
for its separation is described under the last of these. 

^ Ros^, Chem, News, 1802, 66, 271. 
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The spark spectrum of gold has been mapped by KirchhofE, 
Thalen, Huggins, and Kriiss. The brightest lines are 6,277 
5,960, 6,955, and 6,836 in the orange and yellow, and 5,230 and 
4,792 in the green and blue; there are also several lines in the 
violet and ultra-violet. Gold compounds do not impart any tint 
to the non-luminous gas flame. 

Assay of Gold Ores and Bullion , — The amount of gold contained 
in an ore is usually ascertained by fusing the ore with red-lead 
or litharge, charcoal, sodium carbonate, and borax. In this way 
a button of lead is obtained which contains all the gold and 
silver of the ore. This button is then cupelled, the residual 
bead of gold-silver alloy weighed, recupelled with more silver if 
necessary, treated with nitric acid, and the gold which remains 
weighed. In order to determine the value of gold bullion it is 
cupelled with lead with addition of so much silver that the 
quantity of the latter is about two and a half times that of the 
gold present. A gold-silver alloy is thus obtained which is 
rolled out and then boiled with nitric acid of specific gravity 
1-26. The residual gold cornet having been well washed is 
placed in a small crucible and heated in a muffle to a point just 
below that at which gold melts, in order to render it coherent, 
after which it is cooled and weighed. 

The assaying of gold is an operation of much importance and 
one in which great accuracy is needed. The errors attaching to 
the process are chiefly (1) errors in weighing, (2) loss of gold by 
absorption in the cupel and by volatilisation, (3) slight solution 
of the gold by the acid, (4) and most important, the presence of 
a portion of silver in the gold cornet, together with occluded 
gases. In order to compensate for these various errors, au 
allowance, called the surcharge, is made on each assay, the value 
of this allowance being determined by special experiments with 
known amounts of pure gold. In this way, and by carrying out 
all the processes with unvarying uniformity, as well as by 
making the assay on a number of samples placed in different 
parts of the muffle, very great accuracy can be attained. When 
every precaution is taken the limit of accuracy which can be 
obtained with high standard alloys appears to be one part 
in 60,000.1 

Gold has also been estimated electrolytically by depositing it 
from solutions of its salts in the presence of potassium cyanide 
or thiocyanate. 

^ Rose, Journ, Chem, Soc,, 1893, 63, 700. 
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The Atimiic Wefight of Gold was first determined with accuracy 
by Berzelius,^ who ascertained the quantity of mercury necessary 
to precipitate gold from its chloride, and obtained as the mean 
of two experiments the number 196*4. At a later period ^ 
he determined the relation between gold and potassium chloride 
in potassium aurichloride, KAUCI 4 , and obtained the number 
196*69, whilst Levol ^ found the number 196*49 by reducing 
a solution of pure auric chloride with sulphur dioxide and 
determining the relation between the precipitated gold and 
the sulphuric acid which was formed. 

The atomic weight has also been determined by Thorpe and 
Laurie, Kriiss, and Mallet. The first-named chemists^ started 
with potassium auribromide which was carefully heated to 
convert it into metallic gold and potassium bromide. The 
relation of gold to potassium bromide in this mixture was then 
determined, as well as the amount of silver necessary to pre- 
cipitate the potassium bromide corresponding to a known amount 
of gold, and the amount of silver bromide thus formed. The 
mean result of these experiments was 197*28. Kriiss ^ arrived 
at a somewhat lower number, 197*13, by the analysis of weighed 
amounts of the same salt. Mallet ® finally obtained the number 
197*22, intermediate between those of Thorpe and Laurie, 
and Kriiss, by the analysis of auric chloride, auric bromide, 
and potassium auribromide. Other determinations by somewhat 
less reliable methods yielded him rather high numbers. The 
atomic w^eight is now (1922) taken as 197*2. 

^ Schweiggers Journ., 7, 44. 

^ Herz. Jahrcsber., 25, 41. 

Anyi, Chim. Phys., 1850, [3], 30, 355. 

* Journ. Chem. Soc., 1887, 51, 806. 

s Ber., 1887, 20. 207; A7inalen, 1887, 238, 30, 242. 

® Proc, Roy, Soc,, 1890, 46, 71. 
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GROUP 

Sub-group (a). 

The Alkaline Earth Metals : 
Calcium. 

Strontium. 

Barium. 

Radium. 


II. 

Sub-group (b). 

The Magnesium Group : ^ 
Glucinum (Beryllium). 
Magnesium. 

Zinc. 

Cadmium. 

Mercury. 


249 The metals of this group are divalent in almost all their 
compounds. An apparent exception is the element mercury, 
which in addition to the normal derivatives forms a series of 
salts in which each atom of the metal replaces only one atom 
of hydrogen. It appears probable, however, that two atoms of 
the element are present in the molecules of these compounds, 
united to form a divalent group Hgg". 

Some of the other metals form halogen compounds correspond- 
ing in composition with the mercurous compounds, but these are 
as yet but little known. All the metals form a basic oxide, 
which has the general formula M^^O, and also yield the corre- 
sponding hydroxide Mii(OH)2, which in the case of the metals 
of sub-group (a) is soluble, and in that of the metals of sub- 
group (6) almost insoluble, in water. All of these elements 
combine directly with oxygen readily, forming the divalent 
oxide. 

In the table given on pp. 52-3, it will be seen that glucinum 
occurs in the same sub-group as calcium, strontium, and barium ; 
in its general properties, however, it is more closely allied with 
magnesium and zinc, and it is therefore described together with 
these metals. 

The element radium belongs to this group, but it is described 
later on among the radioactive elements. 



THE ALKALINE EARTH METALS. 


250 The name earth was used by the older chemists to designate 
all those non-metallic substances which were insoluble in water 
and did not undergo alteration when exposed to a high temperature. 
It was afterwards observed that some of these, such as lime and 
magnesia, were closely allied to the alkalis, inasmuch as they 
possessed an alkaline reaction and neutralised acids. These 
bodies were therefore termed terree alcalinWy and this name was 
subsequently also applied to baryta and strontia. As the other 
compounds of magnesium resemble the corresponding ones of 
zinc, cadmium, and glucinum more nearly than those of barium, 
strontium, and calcium, this metal is now no longer regarded as 
belonging to this group, the term metals of the alkaline earths 
being therefore confined to the metals contained in the oxides 
lime, strontia, and baryta. 

The alkaline earths, like the alkalis, were supposed to be 
elementary bodies until Davy, in the year 1807, showed that 
each earth was a compound of a metal and oxygen. 

The metals themselves very readily oxidise in moist air and 
decompose water at the ordinary temperature with evolution of 
hydrogen and formation of the hydroxide. The oxides fuse only 
at the temperature of the electric furnace, and combine with 
moisture with great avidity, forming the hydroxides, the solu- 
bility of which in water increases with the atomic weight of the 
metal. They also form peroxides having the formula 
that of barium being obtained by the direct union of barium 
monoxide and oxygen. Like the alkali metals they unite with 
hydrogen to form hydrides, and they all combine directly with 
nitrogen to form nitrides. The salts for the most part crystal- 
lise well; the carbonates, phosphates, and sulphates are either 
very sparingly soluble or insoluble in water, as are also their 
salts with many organic acids. 

CALCIUM. Ca=40*07. At. No. 20. 

251 The very early application of mortar to building pur- 
poses shows that the ancients were well acquainted with the 

VOL. II. (l.) 645 NN 
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properties of lime and its preparation by the burning of lime- 
stone. In the writings of Dioscorides and Pliny we find a 
description given of the process of lime-burning, as well as of 
that of slaking lime. 

Calcium occurs very widely diffused in nature, especially as 
the carbonate, which occurs in various forms, such as calc-spar, 
aragonite, chalk, marble, limestone, coral, etc. United with 
magnesium carbonate, as magnesium limestone or dolomite, it 
forms whole moimtain ranges, and this compound, when crystal- 
lised, is known as bitter-spar. Many other minerals contain 
calcium carbonate in isomorphous mixture; amongst these 
may be mentioned chalybite or brown-spar, (Ca,Mg,Fe,Mn)C 03 ; 
mangano-calcite, (Mn,Ca,Mg)C 03 ; plumbocalcite, (Ca,Pb)C 03 , 
etc. Calcium also occurs in large quantity as sulphate, either 
as the anhydrous compound, termed anhydrite, CaS 04 , or in 
the hydrated form, as selenite or gypsum, CaS 04 , 2 H 20 . Calcium 
phosphate, combined with calcium chloride or calcium fluoiide, 
occurs in the well-known minerals apatite and osteolite. Calcium 
borate is also found in nature combined with many other metallic 
borates, whilst silicate of calcium occurs as an almost invariable 
constituent of all silicates. The solid constituents found in 
river and spring waters also consist mainly of calcium carbonate 
or calcium sulphate, and these, as well as phosphate and fluoride 
of calcium, are found in sea-water. The behaviour of these 
calcium salts during the evaporation of sea-water, and the forms 
in which they occur in mineral deposits which have been produced 
in this way, have been very fully dealt with by van’t Iloff.^ 

Calcium salts form a never-failing component of the bodies of 
plants and animals, and cannot be replaced by any other salts. 
They accumulate in the leaves of plants; the roots and seeds, 
as a rule, yield only small quantities of them. The bones and 
teeth of animals contain large amounts of calcium phosphate, 
together with some carbonate and fluoride. Egg shells and 
the shells of mollusca, on the other hand, chiefly contain calcium 
carbonate. Calcium occurs also in the sun, in meteorites, and 
in certain of the fixed stars. 

Preparation of Metallic Calcium , — Calcium was first prepared 
by Davy by the electrolysis of calcium chloride in the presence of 
mercury, the calcium remaining as a metallic powder upon heat- 
ing the amalgam thus obtained. It was first obtained in a 
coherent metallic mass in 1856 by Matthiessen,^ who electro- 

^ ZeiL anorg. 1905, 47, 244. * Journ. Chern. Soc., 185G, 8, 28. 
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lysed a mixture of the chlorides of calcium and strontium with 
a small amount of ammonium chloride in a porcelain crucible, 
the anode consisting of carbon, and the cathode of a thin iron 
wire, so that a high current density could be obtained. The 
metal prepared in this way had a yellowish colour and was not 
pure but probably contained calcium nitride and some strontium. 
The electrolysis of the chloride also yielded an impure product 
(Frei),^ as did the action of sodium on the iodide,^ and of a mix- 
ture of zinc and sodium on the chloride.® 

Calcium was first prepared in the pure state by Moissan ^ in 
1898 by the electrolysis of the fused iodide and by heating 
calcium iodide with a large excess of sodium. The calcium 
separates from the sodium on cooling in white crystals, and the 
excess of sodium is then removed by the action of alcohol, which 
acts upon the sodium before the calcium. 

Both of these processes were costly, and the economical pro- 
duction of metallic calcium remained an unsolved problem until 
in 1902 it was found that the metal could be obtained com- 
paratively easily by the electrolysis of calcium chloride provided 
that the temperature of the fused salt was kept as low as possible. 
This was effected by Ruff and Plato ^ by using a mixture of 
83*5 parts of calcium chloride with 16*5 of calcium fluoride, 
which melts at 655"^. Borchers and Stockem ® carried out the 
electrolysis in a special form of cell and obtained the metal in the 
form of a spongy mass, which was then pressed together under 
the surface of the molten electrolyte, removed and melted under 
calcium chloride. The metal is now prepared as a coherent 
metallic mass on a moderately large scale from the chloride 
with or without admixture of fluoride by the contact electrode 
process. An iron rod is employed as the cathode, and this is 
gradually raised as the electrolysis proceeds, drawing with it the 
adhering calcium, the metal being protected from the action of 
the air by the layer of fused salt with which it is covered.*^ It 
is thus obtained in the form of irregular cylinders sometimes 


^ AnnaleUi 1876, 183 , 367. 

* Lies Bodart and Jobin, Ann, Chun. Phys., 1858, [3|, 54, 364. 

® Caron, Anmileny 1860, 116 , 355, 

4 Comvi. rend., 1898, 128 , 1753. 

« Ber , 1902, 35 , 3612. 

® Zeti. Elektrochem.f 1902, 8, 757; sco also Arndt, %hid , 1902, 8, 861. 

’ Goodwin, Proc. Amer, Phil. Soc., 1905, 43 , 381, AVohlcr, Zeit. Elektro- 
chem , 1905, 11 , 612; Rathenaii, Zeit. Eleklrochem , 1904, 10 , 508; Tucker and 
Whitney, J. Amer. Chein. Soc , 1906, 28 , 84. 
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weighing more than a quarter of a kilogram. Metallic calcium 
has not yet foimd any important technical application. 

Metalhc calcium is used as a purifying agent in the preparation 
of inert gases, as a dehydrating agent in the treatment of certain 
oils and as a means of fixing atmospheric nitrogen. It has also 
had a limited application as a reducing agent for metals and 
alloys, as a constituent of light aluminium alloys and as a harden- 
ing agent for lead base bearing metals, in the last case taking the 
place of tin in these alloys during a period when the price of tin 
was extremely high. 

Heated metalhc calcium has a remarkable absorbent power 
for gases and has been used for the production of high vacua.^ 
It has been stated® that it exists in two forms, one of which is 
active and the other relatively inactive in this respect. 

Properties of Caldxim. — Calcium as prepared by the foregoing 
method contains about 04 — 1 per cent, of impurities. It is of a 
pure silver white colour, melts at 810°, and has the density 
1*548. It subhmes even below its melting point when heated 
in a vacuum, and condenses as a crystalline layer on the cooler 
parts of the vessel. It is malleable and somewhat harder than 
lead. A fresh surface soon becomes yellowish in the air, but 
retains its lustre in dry air. The metal decomposes water 
slowly, and acts vigorously on acids. Calcium reacts with 
alcohols, particularly on heating, producing alkyloxides, 
Ca(OAlk) 2 .® It burns brilliantly when heated in oxygen, the 
heat of oxidation being 3288 calories per gram. It is attacked by 
chlorine and sulphur at 400°, and combines readily, when heated, 
with nitrogen, phosphoras, silicon, and other non-metals.^ 

When the metal prepared by electrolysis is hammered, mild 
explosions accompanied by showers of sparks occur, the cause 
of which has not yet been ascertained.^* Alloys of calcium with 
other metals decompose water when they contain more than 
11% of calcium.® 

1 Soddy, Proc. Roy. 8oc , 1907, (v4l, 78, 429. 

2 Sieverts, Zeit, Ehktrochem , 1916, 22, 15. 

® Perkin and Pratt, Journ Chem. Soc , 1909, 95, 159 

* Moissan, Coinpl. rend, 1898, 127, 584; 1899, 128, 384, Arndt, Ber.^ 1904, 
37, 4733; Mowsan and Chavanne, Camyt. rend., lt>05, 140, 122. 

® Doermer, Ber , 1906, 39, 211. 

® Baar, Zed. Elektrochem., 1911, 70, 352. 
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COMPOUNDS OF CALCIUM. 

Calcium and Oxygen. 

252 Calcium Monoxide or Lime, CaO, is formed in the pure 
state by the ignition of the pure carbonate, as Iceland- or calc- 
spar, or white marble, in a crucible in a current of indifferent 
gas ; otherwise the decomposition is not complete (p. 139). 

On the large scale lime is burnt in kilns, the interiors of 
which are usually egg-shaped. The limestone is mixed 
with coal or other combustible matter, one bushel of coal 
generally sufficing to make five or six bushels of lime. In some 
cases an arch is formed over the fire-grate with lumps of lime- 
stone, the kiln filled up with smaller pieces, a fire kindled below 
the arch, and this kept up for thirty-six to forty-eight hours. 
The kiln is then allowed to cool, the lime removed, and a fresh 
charge introduced. An improved and continuous process of 
lime-burning is now often employed in which the charge of 
limestone and coal is added from time to time at the upper part 
of the kiln, and the quicklime withdrawn at the lower part. A 
great saving of fuel is thus effected, and the smoke which is 
always given off from the common kiln is, in the improved kiln, 
drawn into a high chimney and completely burnt. 

Pure lime is a white amorphous mass, having a specific gravity 
of 3-30 ; it shows signs of fusion in the oxy-hydrogen flame and 
can readily be melted and boiled in the electric furnace, a current 
of about 300 amperes at 50 — 70 volts being sufficient to maintain 
500 grams of lime in ebullition; the melting point is about 1900°. 
The vapour condenses in the electric furnace in cubes and acicular 
prisms composed of aggregates of cubes, which have the sp. gr. 
3-40 and gradually pass into a second crystalline modification 
which is doubly refracting.^ It is also obtained crystallised in 
cubes by heating calcium nitrate in a porcelain flask.^ On 
exposure to the air it combines with moisture, passing into the 
hydroxide, Ca(OH) 2 , which then absorbs carbon dioxide. When 
water is poured on to quicklime the latter is converted into the 
hydroxide with great evolution of heat, the temperature rising 
in some cases as high as 150°. The evolution of heat may be 
well shown by strewing a few grains of gunpowder on to the 
lime whilst it is being slaked, when the powder will take fire. 

1 Moissan, CompL rend., 1892, 115 , 1034; 1902, 134 , 130. Compare Jouve, 
ibid., 1901, 132 , 1117. 

* Brugelmann, Arm. Phys. Cliem., 1877, 2, 466. 
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Lime which has been fused slakes only after remaining in con- 
tact with water for two or three days.^ Although lime unites 
so readily with water, it is in absence of this a very inert substance ; 
thus it does not combine to an appreciable extent with dry 
chlorine, carbon dioxide, sulphur dioxide or oxides of nitrogen 
below 300—350°, whereas it is readily acted on by these substances 
in presence of moisture.^ Dry hydrogen chloride begins to 
attack it at 40°.® 

The most important use of lime is in the preparation of mortars 
and cements for building purposes, and its value for these pur- 
poses depends upon the nature of the limestone from which 
it has been prepared. The lime obtained from pure limestone 
slakes readily and is termed a “ fat ” lime, but if the limestone 
contains magnesia it only forms a thin mixture with water, and 
is termed a “ poor ” lime. When the quantity of magnesia rises 
to 25 — 30 per cent, the product is almost useless for building 
purposes. If the limestone used contains silica in considerable 
quantity, the resulting lime yields a mortar which hardens under 
water; it is known as hydraulic lime, and the mortar obtained 
from it as hydrauhe mortar (p. 582). The presence of clay in 
the limestone frequently causes it to vitrify if too strongly heated, 
a hard crust of siheates being formed on the surface which 
causes it to slake very slowly. Such lime is said to be ‘‘ dead 
burnt.” 

Ordinary mortar is a mixture of one part of lime made into 
a paste with water and mixed with three to four parts of sharp 
sand, the completeness of the subsequent hardening being 
dependent on the proper admixture of the ingredients. Mortar 
sets sufficiently to give stability to a structure in a few days, 
this being brought about almost entirely by the loss of water. 
It thus becomes porous, and the lime is then gradually attacked 
by the carbon dioxide of the air, which converts it slowly but 
completely into calcium carbonate, the mortar gradually harden- 
ing, and cementing the sand and building material together. 
Many years or even centuries elapse before the maximum of 
hardness is reached, and it appears that at the same time an 
extremely slow combination of the silica and lime takes place; 
thus Petzholdt^ found 2-1 per cent, of combined silica in a 

* Oddo, Atli H. Accad. Lincei, 1896, [0], 5, i , 361; Gautier, Compt. rend., 
1899, 128 , 939. 

« Veley, Joitm. Chem. Soc., 1893, 63, 821 ; 1894, 65, 1. 

» Veley, Ber., 1896, 29 , 677. 

* J. pr. Chem., 1839, 16 , 91; 17 , 464. 
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mortar 100 years old, and 6-2 per cent, in a sample 300 years 
old, the lime originally used only containing at most 0-11 per 
cent. In ordinary circumstances, however, this action plays 
no part in the hardening process. 

In addition to its use for building purposes lime is used for 
the purposes of drying gases and liquids, and in numerous 
analytical processes, and also, when slaked, for the purification of 
coal-gas (Vol. I., p. 884), and the manufacture of caustic soda 
and bleaching powder. 

Calcium Hydroxide, Ca(OH) 2 . — This substance, also known as 
slaked lime, is obtained, as already stated, by the action of water 
on quicklime. It is a white impalpable powder, having a 
specific gravity of 2-078 (Filhol). Calcium hydroxide is hke- 
wise obtained as a white precipitate, when a solution of caustic 
potash or soda is added to a tolerably strong solution of calcium 
chloride. If a very strong or saturated solution of calcium 
chloride be employed in the above experiment, the whole mass 
becomes sohd. This fact was observed in 1686 by Francisco 
Lana, and described by him as the “ chemical miracle.'’ Calcium 
hydroxide dissolves more readily in cold than in hot water; 
100 parts of water at 10*^ dissolve 0-29 part, at 100°, 0*06 part 
(Maben),^ at 150°, 0-017 part, and at 190°, 0-008 part (Herold).^ 
The clear solution, evaporated in a vacuum over sulphuric acid, 
deposits the hydroxide either in the form of small tablets or of 
small prismatic crystals. 

The solution of calcium hydroxide, usually known as lime 
water, possesses an alkaline reaction and taste. It quickly 
absorbs carbon dioxide from the air, and is used in medicine 
and in the laboratory. As the ordinary slaked lime often con- 
tains small quantities of baryta and strontia together with solu- 
ble salts of the alkahs, it is usual to treat the powder several 
times with water and only to employ the last solution. 

Milk of Lime is calcium hydroxide suspended in water. 

Calcium Dioxide, CaOg, was discovered by Thenard, who 
obtained it by precipitating lime water with hydrogen dioxide. 
In order to procure the substance in the pure state the hydrogen 
dioxide must be added in excess to lime water. The precipitate 
at 13 — 14° possesses the composition Ca02,8H20, and consists of 
microscopic tetragonal tablets or prisms, which are sparingly 

^ Pharm. J., [3], 1883-4, 14, 605. See also Guthrie, J. Soc, Chem. Ind , 
1901, 20, 223. 

* Zeit. Elektrochem., 1905, 11, 417. 
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soluble in water and insoluble in alcohol ; ^ at a slightly higher 
temperature Ca02,2H20 is produced.^ On exposure to the air 
the crystals effloresce, and when heated to 130° they lose their 
water, leaving behind a light powder of the anhydrous oxide. 
When further heated the substance loses half its oxygen without 
fusing. In contact with water, both the dihydrate and the 
anhydrous peroxide are reconverted to the octahydrate. A 
diperoxyhydrate, CaOg, 211202, is also known.^ 

Technically it is manufactured by mixing and then com- 
pressing Ca(OH)2 with Na202.'* The pressed product is then 
treated with ice water. The dehydrated powder is used as an 
oxidising agent and antiseptic. It contains 13*5 per cent, of 
available oxygen, and a considerable amount of calcium 
hydroxide.'^ 


Catxium and Hydrooen. 

253 Calcium Hydride, CaH2, is produced when metallic calcium 
is heated in a nickel boat to dull redness in a current of hydrogen. 
It forms a fused mass of slender transparent plates, has the sp. gr. 
1*7, and does not decompose appreciably at 600° in vacuo. It 
is readily decomposed by water, yielding the hydroxide and 
hydrogen . 

Call^ + 2II2O - Ca(On)2 + 2H2. 

It burns brilliantly when heated in the air or oxygen, acts as a 
vigorous reducing agent, and is attacked by the halogens, sulphur, 
and phosphorus, when heated.® It is made technically by 
heating calcium in hydrogen in horizontal retorts, and is known 
as '' hydrolith.” One kilogram, when treated with water, yields 
about one cubic metre of hydrogen."^ 


Catxium and the Halogens. 

254 Calcium Fluoride, CaFg, occurs as the mineral fluor-spar, 
which has from early times been used in the fluxing of ores, 
whence its name is derived. Agricola says “ Fluores lapides 

^ Ann. Chim. 1818, 8, 313. 

2 dc Forcrand, Compt. rend., 1900, 130 , 1250, 1308, 1388. 

® llicsenfcld and Nottebohm, Zeit. anorg. Chem., 1914, 89 , 405; 90 , 150. 

German Patents, 128617, 132700. Cf. also French Patent, 364249. 

® Foregger and Phihpp, J. Soc. Chem. Ind , 1906, 25, 298. 

® Moissan, Compt. rend , 1898, 127 , 29. 

’ Jaubert, tbid., 1906, 142 , 788. 
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gemmarum similes sed minus duri, qui ignis calore liquescunt 
and then further ; “ Dum metalla excoquuntur, adhibere sclent, 
reddunt enim materiam in igne non paulo fluidiorem/’ 

Fluor-spar occurs largely in Derbyshire in veins, especially 
in the celebrated limestone caves in the Castleton valley. It is 
there found as a coloured variety which is commonly known as 
Blue John, and one of these large caverns is termed the Blue 
John cave. It is also found in Saxony and in many other 
countries. It crystallises in cubes and octahedra, and in com- 
binations of these two forms, or in other forms belonging to the 
regular system. In the pure condition it is colourless ; in general, 
however, it has a blue, violet, red, green, yellow, or brown colour, 
the cause of which, as in the case of coloured rock salt (p. 268), 
is not fully understood. Those samples which have a bright 
colour are worked up into vases, dishes, cups, etc. Calcium 
fluoride also occurs in small quantity in the ashes of certain 
plants, in bones, in the enamel of the teeth, in sea-water, and in 
the water of certain mineral springs. It is very nearly insoluble 
in water and dilute acids, melts at 1330®, and has the sp. gr. 3*18. 

When precipitated calcium fluoride, obtained by mixing a 
solution of calcium chloride with one of a soluble metallic 
fluoride, is heated with water slightly acidified with hydrochloric 
acid, the precipitate is found to consist of microscopic octahedra.^ 

The property which fluor-spar possesses of becoming luminous 
when heated, giving rise to the term fluorescence, was first 
mentioned by Elsholz in 1677, and further described by Leibnitz 
in 1710. 

Calcium Chloride, CaC^. — Isaac Hollandus in the four- 
teenth century describes, under the name of sal-ammoniacum 
Jixum, a substance which he obtained by heating together sal- 
ammoniac and hnie. Homberg in 1693 noticed that this salt, 
when fused, became phosphorescent, and hence it was long 
known as Ilomberg’s phosphorus. Calcium chloride is found in 
solution in sea-water, and in many mineral springs. It also 
occurs as a constituent of a few minerals, such as tachhydrite, 
CaCl2,MgCl2,12H20, and apatite, 3Ca3(P04)2,(CaCl2,CaF2). 

In order to prepare pure chloride of calcium, Iceland-spar, 
chalk, or white marble is dissolved in hydrochloric acid until 
the latter is nearly saturated. Chlorine water is then added, in 
order to oxidise any iron or manganese compounds which may 
be present. These impurities are next precipitated by the 
1 Sec also Hcfacqz, CompL rend., 1903, 137, 1251. 
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addition of milk of lime, and the precipitate is filtered off. The 
slightly alkaline solution is then acidified with hydrochloric 
acid, and the solution evaporated either to the point of crystal- 
lisation or to dryness. Chloride of calcium is obtained on the 
large scale as a by-product in several manufacturing processes, 
such as in the ammonia-soda process, the Weldon chlorine 
proces‘s, and the manufacture of potassium chlorate. 

The hydrated salt crystallises from a saturated solution in 
large hexagonal prisms, which have the composition CaClgjbllgO. 
These melt at 30*2°, and deliquesce rapidly in the air, forming a 
thick liquid, to which the name of oleum calcis was formerly 
given. The crystals dissolve in water, producing a considerable 
diminution of temperature, the eutectic temperature being 
— 65°. Heated to 200° this hydrate loses four molecules of 
water, and a white porous hygroscopic mass of the dihydmte 
remains behind, which, heated more strongly, yields the anhy- 
drous salt. Anhydrous calcium chloride is largely used as a 
means of drying gases and organic liquids. It melts at about 
780°, and solidifies on cooling to a crystalline mass, which has a 
specific gravity of 2^26 and is also used as a desiccating agent. 

When a solution of 103 — 127 parts of calcium chloride in 100 
parts of water is cooled to 18-38°, a hydrate of the formula 
CaClg^HgO separates out; it exists in two modifications, the 
more stable compound being less soluble in water than the 

other. The stable modification passes into the dihydrate, 

CaCl2,2H20, at 45-3°, and the labile modification into the same 
hydrate at 38-4°; at 175*5° the monohydrate separates from 
the solution, and at 260° this is replaced by the anhydrous salt.^ 

100 parts of water dissolve 

at 0^ 10^ 20° 40° 60° 80° 100° 170° 200° 260° 

59*5 65*0 74*5 115*3 136*8 147 159 255 311 347 

parts of CaClg (Roozeboom). Calcium chloride is also very 
readily soluble in alcohol. 

A solution of 50 parts of the anhydrous salt in 100 parts of 
water boils at 112°, one containing 200 parts boils at 158°, and 
one containing 325 parts boils at 180°. Such solutions are 
employed as baths for constant temperatures above 100°. 

Calcium chloride absorbs dry ammonia, giving rise to a 
voluminous powder having the composition CaClgjSNHj, 
which loses ammonia on exposure to the air, on solution in 
^ Roozeboom, Zeit. physikal, Chem.t 1889, 4, 31. 
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water, or on heating, and takes fire when thrown into 
chlorine gas. 

If calcium chloride solution be boiled with slaked lime 
and the solution filtered hot, a basic salt, which is known as 
calcium oxychloride^ separates out on cooling in long white needle- 
shaped crystals, having the composition ClCa*O*0a(OH),7H2O. 
The halogen salts of calcium form compounds of the 
formulae CaClg, 2ICI3, and Cal4, analogous to the polyhalogen 
derivatives of rubidium and caesium ^ (pp. 384, 388). 

Calcium Bromide, CaBrg, melting at 765°, and Calcium Iodide, 
Caig, melting at 740°, are salts very similar in their properties 
to calcium chloride. The basic iodide, Cal2,3Ca0,16H20, has 
been described.^ 

Calcium Subchloride. — ^When the spongy calcium obtained by 
the methods of Borchers and Stockem is melted in presence of 
calcium chloride, the molten metal is found to be surrounded 
by a mass of transparent, red pleochroic crystals.® These 
appear to consist of a subchloride of calcium; they have the 
composition CaCl, and react with water with formation of calcium 
chloride, calcium hydroxide, and hydrogen. An analogous 
subiodide was observed by Moissan. 

The pure subchloride is prepared by heating calcium chloride 
with an equivalent of metallic calcium in a steel cylinder to 
900 — 1000° for four hours.^ The subiodide and subjluoride have 
also been prepared. 

Chloride of Lime or Bleaching Powder, — This well-known 
bleaching agent and disinfectant is obtained as a dry powder by 
the action of chlorine on slaked lime. 

The action of chlorine on milk of lime is analogous to its 
action on potash, a solution of calcium hypochlorite and chloride 
being obtained : 

2Ca(OH)2 + 2 CI 2 - CaCl2 + Ca(OCl)2 + 2 H 2 O, 

and it was supposed by Balard in 1834 that the solid powder 
was also a mixture of chloride and h3rpochlorite, his views being 
for some time generally accepted. It was, however, pointed 
out by Fresenius ^ that a substance containing so much calcium 

1 Weinland and Schlegelmilch, Zett, anorg, Chem., 1902, 30, 134; Meyer, 
ibid., 1903, 30, 113. 

Millikan, Zcit. physikal. Chem., 1917, 92, 69. 

Zed. Elektrochem., 1902, 8, 757. 

* Wohler and Rodcwald, Zeit. anorg. Chem., 1909,^61, 54. 

« Annalen, 1861, 118, 317. 
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chloride must be far more hygroscopic than bleaching powder 
is found to be, and a number of other constitutional formulae 
were proposed, the most important being those of Stahlschmidt ^ 
and Odling.2 

According to Stahlschmidt’s supposition the action of chlorine 
on slaked lime takes place in the following manner : 

3Ca(OH)2 + 2 CI 2 = 2C10 Ca 0H -f 0aCl2 + 2 H 2 O. 

On addition of water the calcium chloride dissolves and the 
basic hypochlorite decomposes into hypochlorite and free lime. 

According to Odling’s formula the calcium is combined with 
the negative radicals of both hydrochloric and hypochlorous acid, 
as shown by the formula Cl’Ca’OCljTIgO, and this compound by 
the action of water is resolved into calcium chloride and hypo- 
chlorite : 

2C1-Ca-0C1 = CaClg + Ca(OCl) 2 . 

The subject has been carefully investigated by Lunge in con- 
junction with Schaeppi and Naef,^ and the results of their in- 
vestigations have shown that the latter view is probably the 
more correct one. By careful preparation it is possible to obtain 
a powder containing 44 per cent, of available chlorine (i.c., 
chlorine which is evolved when an acid is added), whilst accord- 
ing to Stahlschmidt’s formula the maximum quantity of avail- 
able chlorine is only 39 per cent. Further, no calcium chloride 
can be extracted from bleaching powder by means of alcohol, 
and a large part of the chlorine may be expelled by the action of 
carbon dioxide, which could scarcely be the case if it contained 
calcium chloride. O’Shea ^ has also shown that for every 
molecule of CaO two atoms of chlorine can be added, and that 
of this chlorine half is available for the formation of hypo- 
chlorous acid, which further confirms Odling’s formula. Drey- 
fus ® has raised objections to this formula, but his conclusions 
have been shown by Lunge and Schoch to be untenable.® 

All bleaching powder, however, yields a certain amount of 
calcium hydroxide when it is treated with water, and the 
formation of this is not accounted for by Odhng’s formula. By 

^ Dingl. Pohjt. Journ , 1876, 220 , 243. 

* Manual of Chemi<ilri/, 1, 5R. 

> Dingl Polyt. Journ., 1880, 237 , 63; Annalen, 1883, 219 , 129; 1884, 223 , 
106. 

* Journ. Ohem. Soc., 1883, 43 , 410. 

‘ Bull Soc. chm., 1886, [2], 41 , 600. 


• Ber., 1887, 20, 1474. 
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some inveiStigators this lime is regarded as existing free in the 
bleaching powder, having been protected from the action of the 
chlorine by a layer of the chlorinated compound. According to 
Ditz,^ this is not the case, the lime forming an essential part of 
the bleaching compound. He considers that bleaching powder 
is formed by a series of reactions, the first of which is represented 
by the following equation : 

(1) 2Ca(OH)2 + CI 2 = Ca0,Cl-Ca-0Cl,H20 + H^O. 

This can be experimentally realised at —10'^ to —15°, and the 
resulting powder loses one molecule of water below 100°, whilst 
the compound CaOjChCa’OCbHgO, which is left behind at this 
temperature, decomposes at 130 — 180°, losing one atom of oxygen 
and only losing the second molecule of water at a red heat. 
It IS also completely decomposed by moist carbon dioxide, 
all the chlorine being liberated. At a somewhat higher temper- 
ature the action of chlorine on slaked lime containing not more 
than I per cent, of uncombined water produces a greater degree 
of chlorination, and this represents the second stage in the 
formation of bleaching powder : 

(2) a, 2[Ca0,Cl-Ca-0Cl,H20] + 2H2O == 

2Ca(OH)2 + 2[C1-Ca-0C1,H20J. 

6. 2Ca(OH)2 + CI 2 = CaO,Cl-Ca-OCl,H20 + H 2 O. 

The final product at the close of this stage, therefore, has the 
composition CaO,Cl-Ca-OCl,H20 + 2[C1-Ca-0C1,H20] -H H2O. 

This process may theoretically be indefinitely repeated, but 
in practice it is limited by the amount of uncombined water 
present in the slaked lime, and does not proceed beyond 
the stage at which the product has the composition 
CaO,Cl-Ca-OCl,H20 + GLC1-Ca-0C1,H20] + H2O These higher 
products undergo a complicated decomposition when they are 
heated, oxygen and chlorine being evolved, and chlorate and 
chloride formed. They are also decomposed even by dry 
carbon dioxide, but the whole of the chlorine is not evolved. 

The complex CkCa‘OCl,H20 has probably a greater molecular 
weight than corresponds with the simple formula, but its con- 
stitution has not yet been settled. 

Tiesenholt,^ on the other hand, maintains the older view of 

^ Chcm. Zeit,, 1898, 22, i., 7; Zeit. angeiv, Chem., 1901, 14, 3, 25, 49, 105; 
1902, 15, 749. 

2 J. pr, Chem., 1901, [2], 63, 30; 65, 512. 
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Balard, and regards the reaction between lime and chlorine as 
reversible. Other views are held by some investigators, and 
the whole question cannot yet be regarded as definitely 
determined.^ 

Bromine, like chlorine, can react with quicklime and water to 
form a red compound, CaOBrgjHgO, which is probably a calcium 
bromohypobromite analogous to bleaching powder. 


The Manupactuee op Bleaching Powder. 

2 SS History of the Manufacture of Hypochlorites, — Chlorine gas 
was first employed for bleaching in 1785 on the suggestion of 
Berthollet, and the first hypochlorite was manufactured for 
bleaching purposes in 1789, at Javel, near Paris, where chlorine 
was absorbed in potash liquor, whence the name ‘‘ eau de Javel ” 
which is still used for potassium hypochlorite (see p. 347). These 
processes were introduced into England in 1796 ; in 1798 “ bleach 
liquor ” was being made by absorbing chlorine in milk of lime, 
and in 1799 Tennant, of Glasgow, originated the absorption in 
dry hydrate of lime, thus making for the first time ‘‘ bleaching 
powder,’’ which sold at £140 per ton, but the price soon fell to 
£60. The chlorine was made directly from a mixture of salt, 
sulphuric acid, and manganese dioxide. In 1825 — i.c., imme- 
diately after the introduction of the Leblanc soda-process into the 
district — hydrochloric acid became available as a raw material, 
and the price was reduced to £27. Many methods were pro- 
posed to use or recover the manganese contained in the waste 
still liquors, but they proved unsuccessful, until Weldon by 
his process of 1866, and subsequent improvements, achieved 
such success, that in 1870 the price of bleaching powder fell 
to £8 106\ The combined Leblanc-Weldon process grew 
rapidly, attaining in 1877 an annual output of nearly 100,000 
tons in the United Kingdom alone. Another method of 
generating chlorine utilised in making bleaching powder was 
the Deacon process, introduced and perfected from 1868 to 
1876; the special method of utilising the weak chlorine thus 
obtained is described in the following pages; only a small 
portion of the total bleaching powder is, however, now made 
by Deacon’s process. The latest source of chlorine for the 

^ Winteler, Zeit, anorg. Chem.y 1902, 33, 161 ; Zeit. angew. Chem., 1903, 
18, 32; Tanigi, (Jazz., 1904, 34, ii., 254; Schwartz, Zeit. angew, Chem., 1906, 
20, 138. 
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manufacture of bleaching powder is the electrolysis of chloride 
solutions. Hargreaves and Bird’s process, started in 1892 at 
Famworth, and now carried on in works erected in 1900, at 
Middlewich, and Castner’s process, originating in Oldbury in 
1891, and installed in 1897 on a large scale in Runcorn, 
both electrolyse sodium chloride (see p. 325). In a third 
process, proposed by Mond about 1898, zinc chloride solution 
is electrolysed. Abroad other processes besides the above 
are being utilised, and potassium chloride is electrolysed in a 
number of works. In 1900 there were in Europe twenty-five 
electrolytic alkali works producing chlorine, with a total of 
40,000 horse-power, and in the United States, three works with 
5,200 horse-power ; since then the output has been considerably 
increased. 

Electrolytic methods have also recently been introduced for 
manufacturing hypochlorite solutions, and though such processes 
as yield only one product, namely, the hypochlorite solution, 
cannot compete with any of the previously mentioned processes 
which make simultaneously two products, yet they are service- 
able to paper-pulp and bleach works which are far removed 
from bleaching powder works. The first suggestion for such a 
process was due to Watt, a paper-maker, in 1851, but it was 
impracticable, as dynamo-electric machines were not then 
obtainable. Lidoff and Tichomiroff in 1882 introduced a pro- 
cess, and exhibited yarn and cloth bleached by it. Hermite 
in 1883 claimed for his process,^ electrolysis of calcium chloride 
or magnesium chloride solutions, special advantages over 
bleaching with bleaching powder, and from this time forward 
a vast number of processes have been patented, by Kellner, 
Haas and Oettel, Schoop, and Atkins, all of whom use sodium 
chloride solutions, and many papers have been published on 
the theory of the process (see p. 269).^ 

In 1910, about 6,660 horse-power was employed in the manu- 
facture of liquid bleach, producing about 13,120 kilos, of 
active chlorine per day. 

Manvfdcture of Bleaching Poioder , — The details of the methods 
for preparing the chlorine required in the manufacture of 
bleaching powder are described under the head of chlorine 

1 J, Soc, Chem, Ind., 1886, 4, 673; 1887, 6, 170. 

® Full details of these processes are given in Monographen uher angeivandte 
Elektrochemte, Band 8; Engelhard t. Hypochlorite und elektrische Bletche, 1903, 
Band 17 ; Abel, Hypochlorite und elektrische Bleiche (Theoretischer Teil), 1906, 
Band 38; Ebert and Nussbaum {Praktish-angewandter Teil), 1910. 
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(Vol. I., p. 178). For this purpose the chlorine should be as 
free as possible from carbonic acid, originating either from 
calcium carbonate in the native manganese, or in Weldon mud, 
or from the furnaces in the Deacon process, or from the corrosion 
of the carbon anodes, where such are used in electrolytic methods. 
Further, the chlorine must be freed from hydrochloric acid and 
much water vapour; this is effected by passing the gas through a 
long range of earthenware pipes cooled by exposure to the air. 
The lime employed requires to be specially free from clay, 
magnesia, iron, and manganese compounds, the last two of which 
discolour and gradually decompose the bleach, both when dry 
and when dissolved. 

The absorption of the chlorine is effected in three different 
kinds of apparatus, (1) large roomy chambers, (2) small chambers 
filled with trays, (3) revolving cylinders, and of these the first 
is the most usual. 

Ordinary Chambersi , — Two only out of a set of four or more 
are shown in Fig. 127, one being in end elevation and the other 
in section, while Fig. 129 shows the same in plan, but with the 
middle portions cut out, as the total length is 80 to 100 feet. 
These chambers are made of timber framing, supporting sheet 
lead, so that the supports are all outside the lead ; the floor is 
covered with asphalt or with earthenware tiles. 

The chlorine is brought from the still (Figs. 126, 128) to the 
chambers by the central main, and can be directed into any 
chamber by removing the two hydraulic caps closing the main 
and the chamber, and substituting a bent pipe dipping into the 
two water lutes. The displaced air escapes from the lute (f) until 
the smell of chlorine is observed, when the bend is used to 
connect the chamber, as shown in Fig. 129, to the second pijie 
main adjacent, by which the gas is carried to any other chamber 
desired, entering at the lute corresponding to f and leaving by 
the open lute (g) until the chlorine begins to escape here also, 
when by placing a bend in (g) the gas may be directed by the 
main adjacent to any third chamber in the series, where the last 
trace of chlorine is absorbed. The mam (g) also serves as an 
exhaust pipe for drawing off the last remaining quantities of 
the unabsorbed chlorine when the operation is complete. The 
exterior view. Fig. 127, shows the doors and bolts and the 
gallows for the swinging of the doors, which are closed gas- 
tight by a paste of tar and china clay, or of lime and water. 

The chambers described rest upon the ground. Much labour 
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and inconvenience are avoided by building the chamber on 
pillars and having a number of hopper holes in the floor, 
closed while the bleaching powder is being made, with lids 
which are covered with lime, to prevent leakage of chlorine. 
When the powder is ready to pack, the lids are lifted, and tlie 
powder is shovelled down the hoppers and through a sacking or 
rubber sleeve which connects the hopper to the head of the 
cask. In these chambers the absorption of chlorine occupies 
about six days. After the lime has been placed upon the floor 
of the chamber to the thickness of about four inches, it is deeply 
furrowed like a ploughed field by a special rake, and the chlorine 
is turned on until the chamber is full, as seen by means of 
windows placed at each end, the air and any surplus chlorine 
escaping from the chamber and passing by the circulating pipes 
into the next or some other chamber where there is more fresh 
lime. When the first chamber has been filled with chlorine it 
is allowed to stand for about two days, during which time the 
gas is completely or nearly completely absorbed, and the lime is 
then found to contain on an average from 25 to 30 per cent, of 
available chlorine. Any unabsorbed gas is then drawn off by 
means of the exit pipe (o), the doors are opened, and workmen 
enter and turn the material, as the bottom layers are still very 
weak in chlorine; the doors are then closed and more chlorine 
is admitted, the quantity being sufficient to raise the amount 
of chlorine, after absorption for a second period of two days, to 
from 35 to 37 per cent. The unabsorbed chlorine is drawn off 
as before, and the powder packed and sent to market. 

Much trouble has been experienced in removing the residual 
chlorine from the finfshed chambers, and fatal results have 
followed the premature opening of the doors, so that in 1886 a 
penalty was imposed for opening the doors before the chlorine 
contents of the chamber had been reduced to less than two and 
a half grains per cubic foot. In the same year Brock and Minton 
introduced their lime sprinkler, a portable machine in which a 
stream of lime dust is allowed to fall on to a rapidly revolving 
paddle wuth a vertical shaft, so that the dust is scattered in a 
cloud and the gases are also put in motion and help to carry 
the lime dust to a considerable distance. Every 30 feet in the 
length of the chamber a large luted cap is provided, and these 
are lifted in turn, the sprinkler inserted, and one or more 
hundredweight of lime sprinkled in, when the absorption of 
the chlorine is almost instantaneous and so complete that the 
residual chlorine need not exceed one grain per cubic foot. 
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A different form of bleaching powder chamber was devised 
by Deacon for use with the specially weak .chlorine made by 
his process. The principles of this process have already been 
referred to (Vol. I., p. 178). These chambers are shown in 
elevation and section in Figs. 130 and 131. The gas, containing 
only 5 to 7 per cent, chlorine, passes in through the tube (a), 
being drawn over the lime by means of exhausters. Each 
block, of which less than one half is shown in Fig. 130, is divided 
by vertical walls into fourteen sections; each section contains 
sixteen slate shelves 20 feet long by 4 feet wide, with a gap 
in the middle covered by a small loose piece, and the lime is 
spread on these shelves to the depth of about five-eighths of an 
inch. Part of the elevation shows the doors, which form the sides 
of the chamber, in position ; the other part shows the arrange- 
ment of the shelves seen when the doors are down. The end 
section (Fig. 131) shows the mode in which the shelves are 
arranged and the way in which the chlorine is divided into 
streams during its passage downwards over the lime. The gas 
then passes upwards over a similar set of shelves, and thence 
by the gas mains into the next chamber. When the lime in 
one chamber has come up to strength, the small plates on each 
shelf are removed, and the bleaching powder is pushed into a 
barrel placed on a tramcar beneath, and in this way the product 
is easily packed. 

During recent years several forms of continuous mechanical 
apparatus have been successfully adopted, in which the slaked 
lime is transported in a continuous stream by single or double 
conveyors in an opposite direction to the stream of chlorine, the 
finished bleaching powder being delivered direct into casks, thus 
avoiding the disagreeable task of hand packing.^ 

A complete analysis by Pattinson of good commercial chloride 
of lime giving 36-00 per cent, available chlorine shows the 
constituents to be : 

( Cl 

QQj-f-HgO . 73-65 

Ditto, but decomposed into the chlorate mixture 

SCaCla -f Ca(C103)2 0-67 

Calcium hydroxide, Ca(OH)2 .... 20-17 . 

Impurities from all the slaked lime employed, 2-38 . 

Moisture originally present as such in the slaked lime 

or in the chlorine employed 3-13 



» Mond, Nature, 1896, 64, 477. 


100-00 
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By the Griesheim-Elektron process a product containing 
80-90 per cent, of active chlorine is produced. Milk of lime 
is saturated with chlorine, filtered and the solution rapidly 
evaporated in a vacuum. The calcium hypochlorite crystallises 
out and on drying in a vacuum a stable salt is obtained.^ 

Pro'perties of Bleaching Powder , — Commercial bleaching 
powder contains on an average 35 to 37 per cent, of available 
chlorine, and forms a white powder, which absorbs moisture and 
carbon dioxide on exposure to the air. When kept, it undergoes 
a very slow and steady decomposition, for reasons which are at 
present undetermined; in closed bottles this decomposition is 
sometimes such as to burst the bottle by the gases evolved. 
When added to water it is apt to clot together into lumps, but 
by agitation it forms a creamy liquid which deposits a large 
amount of insoluble slaked lime, etc., whilst the clear solution 
contains calcium chloride, hypochlorite, chlorate, and some 
hydroxide. 

When a slight excess of acid is added to a solution of bleach- 
ing powder, the whole of the chlorine is evolved in the free 
state, the hydrochloric acid and hypochlorous acid first formed 
acting on one another in the manner already described (Vol. I., 
p. 350) : 

CaOlg + Ca(OCl)2 + - 2CaS04 + ^HCl + 2IIC10, 

2HC1 4- 2HC10 = 2CI2 + 2H2O. 

Bleaching Processes , — Bleaching powder is largely employed in 
the bleaching of cotton, linen, and paper pulp. The methods 
employed are often exceedingly complex, varying not only with 
the nature of the material to be bleached, but also with the use 
to which the bleached goods are afterwards to be put, but in all 
cases the main impurities in the fibre are removed not by hypo- 
chlorite, but by treatment with an alkali. Thus by hot alkali 
solutions — i,e,, sodium carbonate or calcium hydroxide, but 
best of all caustic soda — various waxy, fatty, resinous, gummy, 
mucilaginous and colouring matters are extracted, and the fibre is 
thereby greatly lightened in colour, the loss in weight being about 
8 per cent, in the case of cotton, 25 per cent, in that of flax, and 
50 per cent, in that of esparto grass. The fibre is then treated 
with hypochlorite solution, which is rapidly converted into the 
chloride by acting upon certain of the residual organic impuri- 
ties : this action is so energetic that if not properly controlled 
it may oxidise the cellulose itself, rendering the fibre brittle and 
^ German Patent, 188524, 190G. 
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useless. Strong solutions of bleaching powder are therefore 
never employed, and often very weak ones are used, containing 
as little as 0-1 per cent, of available chlorine. Such a solution 
may be allowed to act for a few hours, when the final whitening 
is frequently obtained by transferring the goods to a very dilute 
acid bath to remove basic colouring matters, and as chlorine is 
liberated from the residual hypochlorite in the fibre, the process 
is known by the workmen as a “ stinking sour.’’ To obtain 
brilliant whites it is often necessary to repeat the operations 
several times, and this is particularly necessary in the case of 
linen. 

The amount of available chlorine in bleaching powder is 
usually ascertained by adding to a solution of a known quantity 
a standard solution of sodium arsenite until the liquid no longer 
turns iodised starch paper blue, the arsenite being thus oxidised 
to arsenate. Precautions must be taken to obtain a fair average 
sample for analysis; for this purpose many samples must be 
taken from various places and packages, taking care to obtain 
due proportions of fine powder and of lump, and these must be 
mixed without undue exposure to the air. 

Calcium Chlorate, Ca(C103)2, is formed by leading chlorine into 
hot milk of lime, but cannot be obtained pure in this manner. 
The pure salt is obtained by neutralising calcium carbonate 
with chloric acid, and crystallises with 2H2O in rhombic prisms 
which deliquesce in moist air ; 100 parts of water at 18*^ dissolve 
177-8 parts of Ca(C103)2. 


Calcium and Sulphur. 

256 Calcium Monosulphide, CaS, is obtained by heating the 
sulphate with powdered coal, or by leading sulphuretted hydrogen 
or a mixture of carbon dioxide and the vapour of carbon disul- 
phide over incandescent lime (Schone). It forms a yellowish- 
white mass insoluble in water, which in moist air smells of 
sulphuretted hydrogen. When prepared in the electric furnace 
it is formed in cubes which have the sp. gr. 2-4 — 2-5.^ 

Calcium monosulphide is luminous in the dark after it has 
been exposed to light. This fact was noticed in the year 1760 
by Marggraf, who obtained the sulphide by calcining gypsum 
with combustible matter. In 1768 Canton described a method 
of producing the same effect by igniting calcined oyster-shells 
1 Miillor, Centr, Mm,f 1900, 178. 
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with sulphur; hence this substance was long known under the 
name of Cantonas phosphorus. It^is probable that the pure 
sulphide is not itself phosphorescent but is rendered so by the 
presence of traces of other substances. Thus the addition of 
traces of bismuth and sodium compounds renders the pure sul- 
phide strongly phosphorescent, but not the addition of bismuth 
compounds alone.^ 

Calcium sulphide is the chief constituent of alkali-makers’ 
waste (p. 314). 

Calcium Hydrosulphide, Ca(SH) 2 , is best obtained by passing 
sulphuretted hydrogen into a cream of precipitated calcium 
hydroxide and rather less than four parts of water : it crystal- 
lises with GllgO in colourless prisms, which readily melt in 
their water of crystallisation.^ It decomposes when warmed in 
a stream of sulphuretted hydrogen, yielding calcium sulphide, 
and is also decomposed by carbon dioxide with evolution of 
sulphuretted hydrogen and formation of calcium carbonate. It 
is sometimes used as a depilatory in tan works. 

Calcium Hydroxyhydrosulphide, Ca(SH)OH, is obtained by the 
action of a small quantity of water or of calcium hydroxide on 
the hydrosulphide, ^ and by the union of water and calcium 
sulphide, and forms crusts of small, colourless, four-sided needles ; 
it readily dissolves in water, but the solution decomposes rapidly 
into calcium hydroxide and calcium hydrosulphide, the former 
separating out as a white precipitate. It combines with carbon di- 
sulphide, forming the basic thiocarbouates, Ca(0H)2,2CaCS3,7H20 
and 2 Ca(OH) 2 ,CaCS 3 ,l 0 H 2 O, and it appears not unlikely that 
this substance takes part in the removal of carbon disulphide 
from coal gas in the lime purifiers (Vol. I., p. 884). 

Several other hydroxyhydrosulphides have been prepared, 
some of which crystallise well, but their constitution is at present 
doubtful. All these hydrosulphides are oxidised by moist air 
with formation of calcium sulphite, thiosulphate, or sulphate 
and usually with separation of free sulphur. 

Calcium Disulphide, CaSg, is obtained in the form of yellow 
crystals, containing SHgO, when milk of lime is boiled with 
excess of sulphur and the filtered solution allowed to cool. 

Calcium Pentasulphide, CaSg, is obtained by boiling calcium 

^ de Visser, Rcc, trav. chm., 1901, 20, 435; 1903, 22, 133. But see Breteau, 
Compt rend., 1915, 161, 732; where a method of preparing phosphorescent 
calcium sulphide containing only bismuth is described. 

* Divers and Shimidzu, Journ. Chem, Soc., 1884, 45, 270. 

* Divers and Shimidzu, ho, ciU 
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sulphide or hydroxide with excess of sulphur for a long time, 
and forms a reddish-yellow mass, which, if treated with sulphur- 
etted hydrogen in solution, undergoes the reverse reaction, 
and is converted into calcium hydrosulphide and sulphur. A 
lime-sulphur wash, used extensively as a fungicide, is prepared 
by boiling together 1 part of quicklime, 2 parts or more of sulphur 
and 10 parts of w^ater. It contains mainly the thiosulphate and 
polysulphides of calcium together with some sulphate and 
sulphite.^ 

Calcium Sulphite, CaSOg, is obtained by mixing a solution of 
a calcium salt with that of a normal sulphite. It forms a white 
powder which is only soluble to the extent of 0*043 gram in a 
litre of water at It is easily soluble in sulphurous acid, 

and if this solution be allowed to stand exposed to the air, 
six-sided needles separate out which have the composition 
CaS03,2H20. A solution of this salt in aqueous sulphurous 
acid, which probably contains calcium bisulphite, Ca(HS03)2, is 
met with in commerce, under the name of bisulphite of lime. 
It is obtained by passing sulphur dioxide into milk of lime, 
and is used by brewers as a mild antiseptic, and for cleansing and 
sterilising casks, etc. It is also used in the manufacture of 
wood pulp in and the purification of sugar. 

When a nearly neutral solution of calcium bisulphite is 
electrolysed, calcium hyposuljihite, CaS204, crystallises out at 
the cathode in silky needles, a yield of 30—40 per cent, of the 
theoretical amount being obtained.® This salt is easily oxidised 
in the air, and has been proposed as a decoloriser and antiseptic 
for solutions of cane-sugar. 

Calcium Sulphate, CaS04, occurs in nature in the anhydrous 
state in the mineral anhydrite which is often found in lime- 
stone rocks, or together with deposits of common salt. More 
generally, however, the substance occurs as gypsum, CaS04,2H20, 
found frequently in large monoclinic crystals and known as 
selenite. The crystalline form of selenite is shown in Figs, 132, 
133. The crystals are frequently twinned, and then exhibit the 
peculiar form shown in Fig. 134. It also occurs as fibrous gypsum 
or satin-spar, and as crystalline gypsum or alabaster, and has the 
specific sp. gr. 2*32. 

1 Auld, Joum. Chem. Soc., 1916, 107, 480. 

« Weisboi^, BuU. Soc. chim., 1896, [3], 16, 1247. 

’ Elbs and fieckor, ZeU. Eleklrochem., 1904, 10, 361 ; Frank, Zeit. Ekktro- 
chem., 1904, 10, 460. 
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This substance was known from early times as a mineral 
closely resembling calc-spar, because, like the latter, it became 
brittle on burning. In 1746 Pott described these two substances 
as being different earths, and stated that some chemists assumed 
that the substance artificially produced by the union of sulphuric 
acid with lime was gypsum, and termed it gy'psum arlejactum ; 
in 1750 Marggraf showed that these two substances were identical. 

Calcium sulphate also forms a hemihydrate, 2 CaS 04 ,H 20 , 
first observed by Johnston ^ as a crystalline deposit in a boiler 
working at two atmospheres pressure. It is formed when gypsum 
is heated to 120—130°, and can be prepared pure by heating 20 
grams of precipitated gypsum on the water-bath for one hour 
with 50 c.c. of nitric acid of sp. gr. 1*4, draining and drying. 
It has the sp. gr. 2*75. 



The anhydrous sulphate itself occurs in at least two modifi- 
cations. Natural anhydrite is almost insoluble in water and 
the same form can be obtained by heating gypsum strongly. 
The second modification, which is known as soluble anhydrite, 
is obtained by completely dehydrating gypsum at 60 — 90° in 
a vacuum over phosphoric oxide, and sets with water even more 
rapidly than the hemihydrate. The relations between these 
forms, and the temperatures of transition of one into the other 
are extremely difficult to determine, on account of the slow rate 
at which the various changes occur, and our knowledge of them 
is mainly due to the elaborate investigations of van’t Hoff.^ 

The transition temperatures between gypsum and the other 

1 Phil Mag., 1838, 13, 325. 

* van’t Hoff, Armstrong, Hinrichsen, Weigert, and Just, ZeiL physikal 
Chem., 1903, 45, 267. Seo also Cameron, J. Physical Chem , 1901, 5, 666; 
Moye, Chem. Zeil, 1906, 30, 644; Cameron and Bell, J. Amer, Chem. 8oc., 
1906, 28, 1220. 
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varieties are as follows, the vapour pressure of the system at 
the temperature of transition being also given : 

Vapour 
Tomp. prossiiro. 

(1) Gypsum — Natural anhydrite . 63*5° 175 mm. 

(2) Gypsum — Soluble anhydrite . . . 93"^ 588 „ 

(3) Gypsum — Hemihydrate .... 107^ 971 „ 

These temperatures are considerably lowered by the presence 
of salts such as sodium chloride, magnesium chloride, etc. 

The conversion of the hemihydrate to soluble anhydrite is 
readily reversible at 110"^ according to whether the surrounding 
atmosphere is dry or humid, and ordinary plaster of Paris con- 
sists chiefly of the hemihydrate.^ 

The solubilities of all these modifications and hydrates are 
also different, soluble anhydrite and the hemihydrate being the 
most soluble and the natural anhydrite the least soluble. The 
solubility of natural gypsum according to Hulett and Allen is 
as follows, in grams of CaS 04 per 100 c.c. of solution, a maxi- 
mum of solubility occurring at 40°; the solubility, however, is 
greatly affected by the size of the particles which arc in contact 
with the solution : 

Temp. 0® 10° 25° 35° 40° 

0-1759 0-1929 0-208 0-2096 0-2097 

45° 65-3° 75° 100° 

0-2084 0-1932 0-1848 0-162 

According to Marignac the solubility of the hemihydrate at 
25° is about one part in 100 of water. 

In presence of many other salts calcium sulphate dissolves 
more freely, probably in some cases owing to the formation of 
double salts. Thus according to Anton 1 part of gypsum dis- 
solves in 122 parts of a saturated solution of sodium chloride.® 
Gypsum is tolerably soluble in boiling hydrochloric acid and 
in nitric acid, and separates out from the acid solution on cool- 
ing in glittering silky needles. When heated with sulphuric 
acid to 100° it is changed into a porous mass, of which a part 
dissolves and separates out again on cooling. This consists of 

1 Gallo, Gazz,, 1914, 44 , 1, 497; Gaudefroy, Compt. rend,, 1914, 158, 2000; 
159, 263. 

* J, Amer, Ckem, Soc., 1902, 24, 067. 

* See also Cameron and Brown, J, Physical Chem,, 1905, 9 , 210; Sullivan, 
J. Amer, Chem. Soc,, 1905, 27, 529; Bell and Taber, J. Physical Chem., 1900, 

10, 119. 
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microscopic prisms, which have the composition CaS04,H2S04; 
it is decomposed by water into its two constituents. Gypsum 
dissolves very readily in a solution of sodium thiosulphate. 

When gypsum is heated at about 120—130'^, it loses water 
and is converted into burnt gypsum or plaster of Paris. This 
well-known substance when mixed with water combines with it, 
evolving heat, and subsequently solidifies, taking the form of the 
vessel in which it is contained. It is therefore largely used for 
ornamental plaster work, for making plaster casts, and as a 
cement. It was formerly supposed that the plaster consisted of 
anhydrous calcium sulphate, and that the setting was brought 
about by the direct combination of this with two molecules of 
water, re-forming gypsum, but the researches of Le Chatelier^ 
have shown that the properly burnt plaster still contains about 
7 to 8 per cent, of water, and consists of the hemihydrate 
2CaS04,H20. When this is mixed with water, part of the 
hydrate, which is much more soluble than either the anhydrous 
salt or the hydrate with two molecules of water, dissolves in the 
water to form a saturated solution. This solution, however, is 
supersaturated with respect to the hydrate CaS04,2H20, and 
some of the dissolved salt crystallises out in this form, thus allow- 
ing the water to dissolve more of the hemihydrate; the same 
process is then repeated until the whole of the hemihydrate is 
converted into gypsum. The latter separates in long thin 
prisms which interlace to form the solid cake which remains. 
According to Rohland, however, the hardened mass, after 
setting, must be regarded as a solid solution of the calcium 
sulphate in water.^ 

If the gypsum be heated too strongly in the burning it only 
takes up water very slowly and is said to be dead-burnt; this 
is due to the whole of the water having been driven off, leaving 
the anhydrous calcium sulphate. Such plaster when exposed 
to moist air gradually takes up 6 — 7 per cent, of water, and if 
then mixed with water it sets slowly, but with a normal hardness. 

Another form of the anhydrous sulphate is made by heating 
gypsum above the temperature of decomposition of the hemi- 
hydrate, but below that of the “ dead-burnt ’’ sulphate. This is 
known as hydraulic or Estrich gypsum, and when mixed with 
water only hardens after an interval of days or weeks. It occurs 
in pseudomorphs after the hemihydrate, and appears to be 

^ Ann. des Mines, 1887, 345. 

* Zeit. anorg. Chem., 1904, 40 , 182. 
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intermediate in properties between the soluble and insoluble 
or “ dead-burnt ” anhydrite (van't Hoff).^ 

An artificial calcium sulphate is now prepared by precipitat- 
ing a solution of calcium chloride with dilute sulphuric acid, and 
is sold under the name of pearl hardening or annaline. It is used 
by paper-makers as a filling for writing paper. In addition to 
its employment for plaster work and casts, gypsum is also used 
as a manure. 

Calcium Potassium Sulphate, CaS04,K2S04,H20. — This com- 
pound is formed when the solutions of the two salts are mixed 
together (H. Rose), and occurs as the mineral syngenite. When 
an intimate mixture of equal weights of the anhydrous salts is 
stirred up with less than its weight of water, the mass becomes 
suddenly so solid that it cannot be poured out of the vessel. 
If four to five parts of water are employed, the solidification 
takes place somewhat more slowly but still more rapidly than 
in the case of gypsum alone. Casts made of this mixture possess 
a polished surface, and are in this respect superior to those made 
of gypsum. 

Double salts, K2S04,2CaS04,3H20 and K2S04,5CaS04,Il20, 
are also known.^ 

Calcium Sodium Sulphate, CaS04,Na2,S04, occurs in nature 
as the mineral glauberite. Sodium sulphate does not act upon 
plaster of Paris as potassium sulphate does. If, however, a 
mixture of one part of precipitated calcium sulphate and fifty 
parts of Glauber’s salt be heated to 80 ° with twenty-five parts of 
water, a mass of needle-shaped crystals is obtained, which have 
the formula CaS04,2Na2S()4,2H20, and these when further 
heated are transformed into small crystals of glauberite 
(Fritzsche). 

Calcium Thiosulphate, CaS203,6H20, is prepared by heating 
calcium sulphite with sulphur in water. It forms six-sided 
triclinic prisms, soluble in their own weight of cold water. 
When the solution is heated to 60 ° the salt is decomposed with 
separation of sulphur. This salt is used in the production of 
antimony cinnabar, Sb20S2. 

^ Compare Rohland, Zett. anorg, Cherny 3903, 35, 194 ; 36, 332. 

* van’t Hoff, Siizungsher. K. Akad, Wtss, Berlin, 1904, 935; 1905, 305. 
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Calcium and the Elements of the Nitrogen Group 
AND Boron. 

257 Calcium Nitride^ CagNg. — Calcium at a dull red heat com- 
bines vigorously with nitrogen, forming this compound, the metal 
becoming incandescent. The preparation is best effected in a 
nickel tube, the calcium being placed in a nickel boat or dish. 
The nitride forms brownish-yellow microscopic crystals, and has 
the sp. gr. 2*63 at 17°. It is decomposed by steam, forming 
ammonia and calcium hydroxide, and hence this compound 
supplies a means of converting atmospheric nitrogen into 
ammonia. It burns when heated in oxygen, and is readily 
reduced by hydrogen and attacked by the halogens, sulphur, and 
phosphorus.^ The formation of this compound is utilised for 
the isolation of argon from the air (Vol. I., p. 950). 

Calcmm Nitrile, Ca(N02)2,4H20, can only be obtained by 
metathesis between calcium chloride and silver nitrite.^ 

Calcium Nitrate, Ca(N03)2. — The alchemist Baldewein, or 
Balduinus, first prepared this compound whilst searching for a 
method of absorbing the ‘‘ Spiritus mundi.’’ He dissolved chalk 
in nitric acid, and observing that the solid product became 
rapidly moist on exposure to air, concluded that this substance 
would prove to be of great power. In the year 1674 he noticed 
that the solid residue after being heated and then exposed to 
sunshine appeared luminous in the dark, and from this time the 
compound prepared as above was termed Baldwin’s phosphorus. 
Calcium nitrate forms monoclinic crystals containing 4H2O, is 
very deliquescent, and dissolves readily in alcohol as well as 
in water. The anhydrous salt is a white porous mass, and is 
often found as an efflorescence on the walls of stables and other 
places through which urine and other organic liquids percolate. 
The name lime-saltpetre, or wall-saltpetre, has been given to 
this salt, which was formerly universally employed for the 
artificial preparation of nitre. 

Large quantities of this salt are now made in Norway from 
atmospheric nitrogen by an electrical process.® In the form 
of a basic salt with lime it acts as an excellent fertiliser. 

Only one definite basic nitrate exists, Ca(N03)2,Ca0, but this 

‘ Mowsan, Compt. rend., 1898, 127, 497. 

2 Oswald, Ann. Chim., 1914, [9], 1, 32. 

® Norton, Utilisation of Atmospheric Nitrogen (U.S. Dept. Commerce and 
Labor: Washington, 1912). 
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forms a series of hydrates with 1, 2, 3 and 4 molecules of 
water.^ 

Calcitim Phosphide, — An impure phosphide is prepared by 
heating lime to a moderate red heat in a Hessian crucible, 
through the Ud of which passes a piece of gas pipe reaching to 
the bottom, and sufficiently wide to allow of the passage of 
sticks of phosphorus, which are added in pieces weighing about 
15 grams.2 It forms a very hard, dark mass which is decom- 
posed by water with formation of liquid hydrogen phosphide, 
P2H4, and is employed for the preparation of this substance 
(Vol. L, p.^641). A crystalline phosphide, Cugl^, corresponding 
in composition with the nitride, is formed when calcium phosphate 
is reduced by lampblack in the electric furnace, and the amor- 
phous compound is formed when phosphorus vapour is passed 
over heated calcimn. It yields pure phosphine with water, 
and burns in oxygen at 300'\^ 

Phosphates of Calcium, — The phosphates of calcium are all 
decomposed by water, the solid residue in contact with the 
solution being an equilibrium mixture, the composition of 
which depends on the concentration of phosphoric acid and 
calcium in the solution. Thus at 25"^, the' monocalcium and 
dicalcium salts can exist together in equilibrium with a solution 
containing 77 grams of CaO and 317 grams of P2^5 
With a greater proportion of acid the monocalcium salt alone is 
stable, with a lower proportion, the dicalcium salt. When the 
concentration of acid is still further diminished the solid in 
equihbriuin is either tricalcium phosphate^ Ca3(P04)2, or hydroxy- 
apatite, 3Ca3(P04)2,Ca{0H)2. The latter salt is the only stable 
phase in faintly acid, neutral, or alkaline solutions and therefore 
of practical importance as probably the only phosphate of 
calcium which exists under normal soil conditions.'* 

When the pure salts are treated with water, the dicalcium 
salt is decomposed to a smaller extent than either the mono- or 
tri-calcium salt.^ 


^ Bassett and Taylor, Joum, Chem, Soc ,1914, 105 , 1926. Compare Cameron 
and Robinson, J, Phymcal Chem., 1907, 11 , 273. 

* Gattermann and Haussknecht, Ber,, 1890, 23 , 1176. 

* Moissan, Ccmpt. rend., 1899, 128 , 787 ; Renault, thid., 883. 

* Bassett, Zeit, antyrg. Chem,, 1907, 53 , 34, 49; 1908, 59 , 1; Jourii. 
Cheni. Boc., 1917, 111 , 620. Compare Cameron and Seidell, J, Amer, Chem. 
Boc., 1905, 27 , 1503; Cameron and Bell, tbid., 1905, 27 , 512; 1906, 28 , 1222. 

* Cameron and Seidell, J, Amer, Chem, Soc., 1904, 26, 1454. See also Rindell, 
Compt, rend., 1905, 134 , 112; Buch, Zeii, anorg, Chem., 1907, 52 , 325. 
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Normal Calcium Orthophosphate or Bone-phosphate, Ca3(P04)2. 
This compound occurs together with calcium fluoride in apatite, 
3Ca3(P04)2,CaF2 or Ca3(P04)2,Ca2(P04)F, in which a portion 
of the fluorine is sometimes replaced by chlorine. Phosphorite 
and estramadurite are massive varieties of apatite which occur 
in Estramadura, in Spain. Coprolites, which are found in 
many sedimentary deposits, and doubtless have an animal 
origin, consist mainly of calcium orthophosphate. Another 
pure form of the same compound is the mineral osteolite, and 
it also occurs as sombrerite, a mineral found on some of the 
small islands of the Antilles, especially Sombrero, and contain- 
ing crystals of the mineral ornithite, Ca3(P04)2,2H20. Calcium 
phosphate is also the chief inorganic constituent of bones, form- 
ing about 80 per cent, of burnt bones; the other constituents 
being magnesium phosphate, calcium carbonate, and calcium 
fluoride. 

Pure calcium phosphate is obtained as a white precipitate by 
adding an excess of common sodium phosphate to an ammo- 
niacal solution of chloride of calcium. It is nearly insoluble in 
water, but is decomposed by long contact with boiling water 
into an insoluble basic residue and a soluble acid salt. This 
decomposition takes place slowly in the cold, and for this 
reason an exact determination of the solubility of the ortho- 
phosphate is impossible.^ Calcium orthophosphate dissolves 
readily in water containing ammoniacal salts, sodium nitrate, 
common salt, and other salts. It is also readily soluble in all 
acids, even in aqueous carbonic acid. This explains the 
absorption of the calcium phosphate by the roots of plants; 
it is then accumulated in the seeds and fruits. 

Dihydrogen Dicalcium Orthophosphate, H2Ca2(P04)2, or 
IICaP04. — When a solution of calcium chloride is mixed with 
one of ordinary sodium phosphate, a white crystalline precipi- 
tate of the above compound containing 4H2O is thrown do^vn. 
This compound occurs in urinary concretions, and is sometimes 
deposited from urine in microscopic crystals grouped in 
rosettes or stellse, and known as stellar phosphate. It is 
scarcely affected by cold water. 

Tetra-hydrogen Calcium Phosphate, H4Ca(P04)2. — This salt is 
obtained in rhombic tablets by dissolving either of the foregoing 
salts in the requisite quantity of phosphoric acid and allowing 
the solution to evaporate spontaneously, or by crystallisation 
^ H. Warington, Joum, Soc., 1873, 26, 983. 
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at IGO'^ of a solution of calcium carbonate in orthophosphoric 
acid in which the ratio P 2 O 5 : CaO is 4 : 6 .^ If this is treated 
with cold water it is partially decomposed into the hydrated 
dicalcium salt, whilst with boiling water the same salt is produced 
in the anhydrous form (Erlenmeyer).^ . 

Superphosphate of Lime, — mixture of the last mentioned 
compound and calcium sulphate is manufactured on the large 
scale, and known in commerce as superphosphate of lime. It is 
usually prepared by acting on bone-ash, coprolites, phosphorites, 
or other form of mineral phosphate with two-thirds of its weight 
of sulphuric acid. It seems probable ^ that the principal reaction 
is best represented by the equation — 

5Ca3(P04)2 + IIH 2 SO 4 4CaH4{P04)2 + 2H3P04-h llCaS 04 . 

This mixture is largely employed as a manure, especially for 
wheat crops. About 900,000 tons of superphosphates were 
manufactured in Great Britain in 1913, but production was 
re.^tricted in the period 1914 — 1918, and neither production nor 
price is yet stabilised. The present price (1922) is approxi- 
mately 35 . per unit (^.e., per 1 per cent, per ton.) 

Qaldum Ammonium Phosphate^ Ca(NH 4 )P 04 , 7 n 20 , is preci- 
pitated when an ammoniacal solution of ammonium jihosphate 
is added to a solution of calcium chloride in citric acid. It is 
readily decomposed by water. 

Calcium Hypophosphite, Ca(P 02 H 2 ) 2 , is used in medicine and 
is prepared by boiling phosphorus with milk of lime. On 
evaporating the clear solution, the salt crystallises in bright, 
six-sided monoclinic prisms. 

Calcium Arsenide, corresponds in composition with 

the phosphide and is obtained in a similar manner. It is a 
transparent, reddish-brown, crystalline mass of sp. gr. 2-5, and is 
decomposed by water with production of arsine and calcium 
hydroxide. When heated in excess of oxygen it burns brilliantly, 
forming calcium arsenate,^ which can be obtained as the 
dihydrate, Ca 3 (As 04 ) 2 , 2 H 20 , by the interaction of alkaline solu- 
tion of calcium chloride and disodium hydrogen arsenate. 

Calcium Or ihoar senate, CaHAs 04 ,Il 20 , identical with the 
mineral haidingerite, results from interaction between arsenic 

* Bassett, Pror. Chem. Soc., 1906, 316. 

* See also Viard, Campt. rend., 1898, 127 1 178. 

® Alta, Annah, Chim, Appl., 1918, 10, 45. 

* Lasne, Bull. Soc, chim,, 1902, [31, 27, 131. 

* Lebeau, Compt, rend., 1899, 128, 96. 
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oxide, lime and water at 35° C., when the concentration of 
arsenic oxide in the solution is over 27-5 per cent. With less 
arsenic oxide, monocalcium orthoarsenate, CaH 4 (As 04)2 results.^ 
It can also be prepared by pouring an acidified solution of 
calcium chloride into a slightly acid solution of disodium hydrogen 
arsenate. It retains water of crystallisation when dried at 100°, 
but can be dehydrated at 175°.^ 

Calcium Boride^ CaB^, is obtained by the reduction of calcium 
borate with aluminium and carbon in the electric furnace. It 
forms a black powder consisting of transparent microscopic 
crystals of sp. gr. 2-33, which are sufficiently hard to scratch 
rubies. It is not affected by water, but is readily attacked by 
chlorine at a red heat and by many oxidising agents, and burns 
when strongly heated in the air.® 

Calcium and Carbon. 

258 Calcium Carbide, CaCg. — ^This compound was obtained by 
Moissan by heating pure lime and sugar charcoal to a very high 
temperature in an electric furnace : 

CaO + 3C=CaC2+CO. 

It is best prepared pure by passing acetylene into liquid 
ammonia containing metallic calcium ^ and heating the resulting 
compound, CaC2,C2H2,4NH3, or by the action of acetylene on 
calcium hydride, the compoimd CaC 2 ,C 2 H 2 , being first formed.® 

It forms colourless transparent crystals,® melts at a higher 
temperature than platinum, and is decomposed by water with 
formation of the hydrocarbon acetylene : ^ 

CaC2 + 2H2O = C 2 H 2 + Ca(OH)2. 

Chlorine has no action on calcium carbide, but the latter slowly 
reacts with liquid bromine to give hexabromoethane and calcium 
bromide.® 

Calcium carbide is formed in small amount during the 
electrolysis of calcium chloride or fluoride with a carbon cathode. 
It acts as a strong reducing agent. 

^ C. N. Smith, J, Amer, Chem, Soc., 1920, 42, 269. 

2 Robinson, J, Agric, JRes., 1918, 13, 281. 

® Moissan and Williams, Compt, rend., 1897, 125, 629. 

4 Moissan, ibid., 1898, 127, 911. « Ibtd , 1903, 138, 1522. 

« Ibid., 1898, 217, 917. ’ Ibid., 1894, 118, 50. 

* Bames, Chem. News, 1919, 119, 260. 
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Calcium carbide containing about 80 per cent, of the pure 
substance is manufactured on a very large scale by heating a 
mixture of limestone with coke or small coal in an electric 
furnace, the product having a greyish-black appearance. The 
chief impurities of this material are sulphide, phosphide, and 
silicide of calcium, the silicides of carbon and iron, and graphite.^ 
It is employed for the preparation of acetylene for lighting pur- 
poses, the illuminating power of this gas being 12 to 16 times 
greater than that of ordinary coal-gas. Theoretically 1 kilo. 



should yield 349 litres of acetylene. The commercial product 
rarely yields more than 300 litres. Calcium carbide is also used 
for manufacturing calcium cyanamide (p. 681). 

Calcium Carbonate, CaCOj. — ^This compound occurs widely 
distributed and in enormous masses in nature, forming whole 
moimtain ranges, being found as limestone of various kinds, 
marble, calc-spar, and chalk. It also forms the greater part of 
egg shells, shells of mollusca and coral, and is contained together 
with calcium phosphate in burnt bones. Calcium carbonate is 

1 Le Chatelier, Bull, Soc, chim., 1897, [3], 17, 793; Moissan, ibid., 21, 866, 
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dimorphous : it exists in the first place as calc-spar^ which has 
a specific gravity varying from 2*70 to 2*76, and crystallises 
in forms of the hexagonal system (p. 201). Some of the more 
important of these are seen in Figs. 135 — 143, a common twin 



Fia. 141. 




Fia. 143. 




Fig. 145. 


crystal being shown in Fig. 142. The primary form, Fig. 135, is 
a rhombohedron having angles of 104°5' and 74'^5'. The second 
form of calcium carbonate is known as aragonite^ having a 
specific gravity of from 2-92 to 3*28, and crystallising in the 
form of rhombic prisms, Fig. 142 (Class 8, p. 209). Another 
crystalline form often exhibited by aragonite is that of the 
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penetration twins shown in Fig. 145. A distinction between 
the two minerals was first drawn by Werner in 1788, and Haliy 
showed somewhat later that they crystallised in two distinctly 
different forms. For many years this difference was believed 
to be due to the presence of strontia in aragonite, and it was 
not imtil 1819, when Mitscherlich discovered the law of 
dimorphism, that it was satisfactorily understood. 

When a calcium salt is precipitated by the carbonate of an 
alkali metal, or when carbon dioxide is passed through lime 
water, the precipitate which falls down is at first flocculent and 
amorphous, but gradually becomes crystalline, forming either 
calcite or aragonite, according to the temperature of precipitation 
and the nature and concentration of the calcium salt and of the 
alkali carbonate used.^ That formed by passing a small quantity 
of carbon dioxide through cold lime water soon becomes crystal- 
line, the crystals being those of calc-spar, whilst aragonitic 
crystals are deposited when the hme water is hot (G. Rose). 
Calc-spar crystals are deposited when a solution of calcium 
carbonate in carbonic acid is allowed to evaporate spontaneously 
at the common temperature; but if the solution be heated to 
90° aragonite crystals separate out. Another form of calcium 
carbonate, 2 fi-caldte, and a hexahydrate have been described. 

At ordinary pressures, calcite is the stable form at all tem- 
peratures, and the change from aragonite to calcite which occurs 
at about 470° when aragonite is slowly heated ® is accompanied 
by the evolution of a small amount of heat.^ 

One htre of water dissolves 14 milligrams of calcium carbonate 
at 18°. In presence of free ammonia or ammonium carbonate 
it is still less soluble. On the other hand, it readily dissolves in 
water containing carbonic acid in solution, this phenomenon 
having been first investigated by Cavendish in 1767. The in- 
creased solubility in presence of carbon dioxide probably depends 
on the formation of calcium bicarbonate, Ca(HC 03 ) 2 , which 
has been shown to exist ® as a definite compound in aqueous 
solution. 

The amount of calcium carbonate dissolved increases with 
the partial pressure of the carbon dioxide up to a certain maxi- 

^ Adler, ZeiL angew. Chem,, 1897, 14 , 431; Meigcn, Chem. Zentr., 1903, IT , 
1411; 1905, L, 1363; Linck, Zett Kryst, M%n., 1906, 41 , 633. 

2 Johnston, Merwin and Williamson, Amer, J. Set., 1916, [4j, 41 , 473. 

® Bocke, ZetL anorg, Chem,, 1906, 51 , 244. 

* Foote, Zeit. phyetkal, Chem., 1900, 33, 740. 

® Cavazzini, Gazz., 1916, 46 , [2J, 122. 
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mum, which, according to Treadwell and Reuter,^ is 1*16 grams 
of calcium carbonate per litre at 15°. When the partial 
pressure of the carbon dioxide is zero, the solution at 15° contains 
0-385 gram of calcium bicarbonate (0*238 gram of calcium 
carbonate) per htre, there being no free carbon dioxide in 
the solution. 

When calcium carbonate is heated to about 550° it commences 
to decompose into quicklime and carbon dioxide, but if the latter 
is not removed the decomposition is not complete, even if the 
temperature be raised considerably (p. 138). The pressure of 
carbon dioxide amounts to one atmosphere at 825°. Boiling 
water slowly dissociates the carbonate with loss of carbon 
dioxide.^ 

When heated to 1400° under a pressure of 30 atmospheres 
of carbon dioxide the carbonate sinters and partially decomposes 
but does not melt.^ 

Double Carbonates, Na2CO3,0aCO3,2H2O and K 2 C 03 ,CaC 03 , 
have been prepared.^ 

Calcium Cyanamide, CN*NCa. — A crude calcium cyanamide 
is made by heating calcium carbide in atmospheric nitrogen, or 
by passing nitrogen over a mixture of hme and carbon at 
about 2000°.*^ The absorption of nitrogen by the carbide is 
greatly accelerated by the presence of calcium chloride® and 
similar substances. It forms a black powder and contains 
about 20 per cent, of nitrogen. This material is used as a fer- 
tiliser, the nitrogen becoming available for the plant in the 
form of ammonia; it is also used for the manufacture of 
ammonia, cyanides, urea, etc. 

Calcium and Silicon. 

259 Calcium Silicide, CaSi 2 , was first prepared in an impure 
state by Wohler by the action of sodium on fused calcium 
chloride and silicon, but was obtained pure by Moissan and 

^ ZeiL anorg. Chem , 1898, 17 , 170, where the literature of the subject is 
quoted. 

2 Cavaz/mi, Gazz., 1917, 47 , [2], 49. 

* llockc, Zeit. anorg. Chem , 1906, 50 , 247. 

* Barre, CompU rend., 1912, 164 , 279. 

* (lerman Patent, 160878; Joum. Chem. 8oc., 1904, 86 , i., 562. 

® (lorman Patent, 163320 (Nov. 1, 1901). See also Bredig, ZeU. Elekiro- 
chem., 1907, 13 , 69 ; and especially Kameyama, J. Coll. Eng. Tokyo Imp. Univ , 
1920, 10 , 173, 209, 249. 

7 Annalen, 1863, 125 , 266; 127 , 258. 
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Dilthey/ who heated lime with an excess of silicon in a graphite 
tube placed in an electric furnace. It forms a crystalline mass 
of silver-grey colour and metallic lustre, is as hard as quartz, 
and has the sp. gr. 2 - 5 . It is very slowly attacked by water, 
with evolution of pure hydrogen, but is rapidly acted on by 
concentrated hydrochloric acid, hydrogen and silicon hydride 
being evolved and silicon produced. It will burn in the oxy- 
hydrogen flame, is decomposed at a red heat by hydrogen 
chloride and by chlorine, and ignites spontaneously in fluorine. 

Silicates of Calcium, — These compounds exist in most mineral 
silicates, many consisting mainly if not altogether of silicates of 
calcium and isomorphous metals. Among the more important 
of these are wollastonite, CaSiOg; okenite, CaH2Si20g,H20 ; 
xonalite, 4CaSi03,H20 ; apophyllite, 4H2CaSi20e,KF,4H20. Le 
Chatelier^ has also prepared the following anhydrous silicates 
artificially : CaSiOg, Ca2Si04, CagSigO^, and CagSiOg. 

Calcium Sodium Silicate occurs in many localities in Scotland 
in the mineral pectolite, 4Ca0,Na20,H20,6Si02, which fuses 
easily to a transparent glass, and corresponds most nearly to 
ordinary lime-soda glass artificially produced. 

Calcium Borosilicates occur native as danburite, Ca0,B20g,2Si02, 
and datoUte, Ca0,B203,2Si02, both of which melt readily to 
a clear glass, and are interesting in their relation to the boro- 
silicate glass hereafter described. 


HYDRAULIC MORTARS AND CEMENTS. 

260 Hydraulic Mortars. — When hmestone contains about 
8 per cent, and upwards of clay, the hme obtained from it yields 
a mortar which has the property of setting under water and is 
therefore known as hydraulic mortar. Such mortars may also 
be obtained from “ fat ” lime by mixing it with certain silicates ; 
thus many Roman buildings are still standing which were con- 
structed with a hydraulic mortar prepared from lime and a 
volcanic tufa termed puzzuolana, found at Puzzuoli, near Naples, 
and consisting of a mixture of various silicates. This mortar is 
described both by Pliny and Vitruvius. In place of puzzuolana 
baked clay and numerous other silicates may be employed. 

Cements. — These substances, which differ from hydraulic 
mortars inasmuch as they do not contain any admixture of free 

^ Compt. rend., 1902, 134, 603. 


* Ann. dea Mines, 1887, 345. 
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lime, are obtained either by the careful heating of argillaceous 
limestone, or by calcining a mixture of a suitable clay with the 
requisite quantity of limestone. Roman cement^ originally manu- 
factured by James Parker in 1796, was prepared in the former 
manner, the crude material employed being originally the clay 
nodules found on the coast of Essex and Kent, termed septaria. 
Portland cement is manufactured from limestone and clay, most 
of the manufacture in this country being carried out in the 
valley of the Medway, the river mud of which is very suitable 
for the purpose. The limestone and clay are ground together, 
and the mixture, termed “ slip or “ slurry,’’ is usually fed 
to long rotary kilns fired with powdered coal in which the 
slurry is first dried by the hot gases and finally raised to the 
clinkering temperature, some 1,400° C. In some cases the slurry 
is dried on drying beds by means of waste heat from the kilns, 
in which it is afterwards calcined either discontinuously, being 
mixed with coal or coke as in old-fashioned lime-kilns, or 
continuously in gas-fired kilns. The carbon dioxide is thus 
completely eliminated, and the lime produced combines with 
the clay, forming chiefly calcium silicate and aluminate. The 
cement chnker drawn from the kiln is broken up and then 
ground in centrifugal mills, ball mills or tube mills. The 
following analyses of English (1 and 2) and German (3 and 4) 
Portland cements give the composition of the material : 



1 . 

2 . 

3 . 

4 . 

Lime .... 

59-06 

55-06 

62-81 

57-83 

Silica .... 

24-07 

22-92 

23-22 

23-81 

Alumina . 

6-92 

8-00 

5-27 

9-38 

Ferric oxide . 

3-41 

5-46 

2-00 

5-22 

Magnesia . . . 

0-82 

0-77 

1-14 

1-35 

Potash .... 

0-73 

M 31 

1-27 

/ 0-59 

Soda .... 

0-87 

1 - 70 / 

to -71 

Calcium sulphate . 

2-85 

1-75 

1-30 

1-11 

Clay . . . . 1 
Sand . . . .] 

• 1-47 

2-27 

2-54 

— 


When the powder is mixed with water to a paste heat is 
evolved, and the mixture if left at rest stiffens in a few hours 
and continues to harden, becoming solid within a day, and 
gaining considerable strength within a week; it does not, 
however, attain its full hardness for many months. Water 
only is required for the setting, and the water is all absorbed ; 
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the cement will consequently set in a closed space or under 
water, and therefore goes by the name of Hydraulic Cement. 
It is much stronger than ordinary mortar^ and is chemically 
a different body. The cement is used very largely in engineer- 
ing and building works, both by itself and especially in con- 
junction with steel reinforcement, forming the so-called ‘‘ rein- 
forced concrete ’’ or “ ferro-concrete structures : it is also 
employed for constructing water-tight tanks and chemical plant, 
and for making thin porous diaphragms for the electrolytic 
preparation of the alkalis. 

The Setting of Cements , — The cause of the setting of cements 
has been the subject of much discussion; the explanations 
formerly given were very incomplete, but the researches of Le 
Chatelier ^ have thrown considerable light on the subject. 
He examined the action of polarised light on the crystalline 
substances which can be observed under the microscope in 
Portland cement, and compared these optical properties with 
those of a number of calcium silicates and aluminates which he 
prepared artificially. From these experiments he concluded 
that the chief constituents of cement are tricalcium orthosilicate, 
SCaOjSiOg; tricalcium aluminate, SCaOjAlgOg; and tricalcium 
aluminoferrite, 3Ca0,2(Al,Fe)203, properly made cement con- 
taining no free lime. On the other hand, S. B. and W. B. New- 
berry ^ consider that the essential constituents of the cement 
are the tricalcium silicate and dicalcium aluminate. On the 
addition of water, the calcium compounds arc decomposed with 
formation at first of free calcium hydroxide, and there are then 
formed crystalline hydrated calcium silicate and aluminate, the 
crystals of which form an interlaced mass, thus bringing about 
the setting of the cement. The setting takes place long before 
the formation of the hydrated crystals is complete, and as the 
action goes on the cement becomes continuously harder. There 
is therefore no such difference between the setting and hardening 
actions as in the case of ordinary mortar. 


GLASS. 

261 Ordinary glass consists essentially of a solid solution of 
the silicates of calcium and of the alkalis, although for special 
purposes the calcium silicates may be wholly or partly replaced 
by numerous other silicates, and phosphoric and boric acids 

1 Annales dea Mines, 1887, 345. * J, 80c, Chem. Ind,, 1897, 16, 887. 
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may be in part substituted for silicic acid. The subject of 
the composition and manufacture of glass may therefore be 
conveniently considered here. 

Glass differs from the simple silicates of which it is com- 
posed, inasmuch as it is almost insoluble in water and acids. 
It fuses at a high temperature, and on cooling passes through 
all stages of viscosity until the solid state is reached, and 
whilst in the plastic condition can not only be shaped and cut, 
but may also be readily welded, the gentlest contact serving 
to effect a permanent junction. As glass may be varied 
in composition by imperceptible degrees, it is clear that it 
is not composed of single substances in a vitreous condition 
like fused silica, SiOg, or fused boric anhydride, BgOg, but of 
a mixture of various substances such as Ca0,Na20,GSi02 
with Na2Si03, or CaSiOg and SiOg, forming together a complex 
solution the components of which have so feeble a rate of 
crystallisation that when cooled no separation takes place from 
the melt, which gradually becomes vitreous and solid, so that 
no definite solidifying or melting point is observed. Certain 
kinds of glass, however, contain components which have a 
quicker rate of crystallisation, and when these components 
separate the glass is said to devitrify. Cold glass can flow: 
thus a stiaight glass rod supported horizontally at the ends 
only, will in time take a permanent sag by its own weight. 
Probably, then, glass is really a super-cooled liquid. 

Historical — The manufacture of glass appears to have 
been discovered by the Egyptians, although the ancients 
themselves attributed the discovery of glass-making to the 
Phoenicians. Glass vessels of various sizes, both colourless and 
coloured, have been found in Egyptian tombs which belong to 
an age prior to that in which the Phoenicians occupied them- 
selves with glass-making. Indeed, the latter nation appear 
rather to have been engaged in exporting the glass made in 
Egypl^> especially at Thebes, to different parts of the 
ancient world, than to have established any original manu- 
facture of their own. In the tombs of Beni Hassan near 
Thebes, which were built more than 2000 years b.c., we find 
paintings representing Egyptians carrying on the processes of 
glass-blowing. From these, as well as from the glass vessels 
which are found in the tombs, it appears that the Egyptians 
were not only acquainted with the art of glass-making and 
of working in glass, but likewise with that of cutting and 
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colouring glass, by which they imitated precious stones. Thus 
an urn has been found made of white glass and ornamented 
with patterns in white and in light- and dark-blue glass showing 
the ring of Thoutmosis, who reigned in the 17th century b.c. 
Specimens illustrating all the stages of the process of glass- 
making, and dating from about 1400 b.c., have been found at 
Tell el Amarna.^ 

Aristophanes is the first Greek author who mentions glass 
(v(i\o 9 ), i. c. a drop of rain, and in his Clouds he refers to a glass 
lens which was used as a burning-glass. Amongst Latin 
authors, Cicero is the first to mention Egyptian glass, and we 
find that at the time of Augustus the Egyptian glass was 
highly valued in Rome, so much so that when this emperor 
subdued Egypt (29 b.c.), a portion of the tribute was ordered 
to be paid in glass; this material afterwards being so highly 
valued by the Romans that Aurelius levied an import duty 
upon it. 

Glass works were established in Italy, France, and Spain at 
an early date. These glass-houses, however, only manufactured 
common objects for everyday use, and it was not until after 
the introduction of Egyptian workmen to Rome that artistic 
glass-ware was made in Europe. This took place during the 
reign of Tiberius, and the art made such rapid progress that in 
the time of Nero, Roman glass rivalled in every respect the 
original Egyptian manufacture. According to Pliny, Egyptian 
soda and sand were employed in the manufacture of glass, and 
he remarks that in India rock-crystal was used for this purpose, 
and that in his time the material which was most highly valued 
for making glass was that which approached most nearly to this 
mineral. Manganese was used as a decolorising agent and the 
materials employed to produce coloured glasses were identical 
with those at present in use. 

After the fall of the Western Empire the glass manufacture 
followed Constantine to Byzantium, and for five centuries the 
Eastern capital became a renowned seat of the glass manufac- 
ture. On the decay of the Empire of the East, the glass-makers 
wandered to various parts of Europe, many being attracted to 
the Venetian Republic. Here glass-making greatly flourished. 
As a protection against fire, it is said, the manufacture of 

^ For further information see Sir Gardner Wilkinson, The Manners and 
Customs of the Ancient Egyptians, vol. iii., p. 88, edit., 1837 ; and Tell d Amarna, 
by W. M. F. Petrie (London, 1894). 
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glass was removed in the year 1289 from the city of Venice to 
the adjacent island of Murano, and here during the 16th and 
17th centuries the Venetian glass manufacture attained its 
highest development, the elaborate productions of Venetian 
art becoming famous throughout the civiUsed world. No fewer 
than 8,000 men were, it is stated, employed at that time in the 
manufacture, and so important did this branch of Venetian 
trade become, that strict laws were promulgated to prevent the 
secrets of glass-making from becoming known to foreign work- 
men, the supervision of the glass-houses being confided to the 
chief of the Council of Ten. The Venetian glass industry 
received, however, a check in the 17th century, from which it 
has recovered only in recent years. 

In the early Middle Ages an independent manufacture of 
glass arose in Germany, and glass-painting is entirely of German 
origin; the manufacture of glass mirrors appears also to be a 
German invention. At first the glass was coated with a plate of 
metal, and it was not until the 15th century that the amalgam 
process was introduced. In addition to table-glass and window- 
glass, artificial gems, glass rings, and other objects of art were 
manufactured in Germany. Agricola, in his treatise De re 
Melallicay published in the year 1530, gives the first drawing 
of the interior construction of a glass-furnace, and in this work, 
as well as in Mathesius’ Sarepta or BergpostiU (1564), we find 
explicit and interesting directions concerning the manufacture 
of glass as carried on in Venice, Germany, and Bohemia. In the 
last-named country the glass industry began to flourish in the 
10th century, the purity of the quartz found there enabling 
manufacturers to produce the colourless glass for which the 
Bohemian glass-houses have long been famous and in which they 
still excel. When the Venetian glass manufacture fell into 
decay, Bohemian glass replaced Venetian, but in time the 
Bohemian manufacture again suffered a relapse, owing to the 
heavy import duties which were levied upon glass-wares as well 
as to the fact that other Governments held out inducements to 
the Bohemian workmen to settle in foreign countries; like 
the Venetian manufacture, it is only in recent years that the 
Bohemian glass industry has recovered its original position. 

In the meantime many of the German princes patronised 
the glass-makers, and each became celebrated for some peculiar 
manufacture. Thus a glass-house at Potsdam was well known for 
its manufacture of ruby glass. This glass-house was estabhshed 
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under the direction of Joh. Kunkel, and in 1686 he pub- 
hshed the first edition of his Ars Vtiraria Experimentalise in 
which he gave a translation of the collection of receipts pub- 
lished at Florence by Antonius Neri in 1612, and added to them 
remarks of his own and those of E. Merret. 

Glass-works were also set up in France at an early date, but 
it was not until the 18th century, when workmen were intro- 
duced from Germany, that a pure kind of French glass-ware 
was made. De Nehou in 1688 erected a glass-works at Paris; 
this was afterwards removed to St. Gobain, where it soon became 
and still remains the most important plate-glass works in the 
world. 

The first manufacture of glass of which we hear in England 
is that of window-glass established in the 16th century. The 
product cannot, however, have been very good, for in an old 
deed made in 1439 by the Countess of AVarwick and a glazier 
of Westminster named Prudde, it is distinctly stipulated that 
no English window-glass is to be used. In the reign of 
Elizabeth, French artists were brought to London, and these 
carried on their trade of making window-glass at Crutched 
Friars in 1567, whilst flint-glass was first manufactured at a 
glass-house at Savoy House m the Strand. Mirror-glass, used 
for looking-glasses, coach- windows and similar purposes, was 
first manufactured in England at Lambeth by Venetian work- 
men brought over in 1670 by the Duke of Buckingham. The 
first large plate-glass works were established in 1771 at St. 
Helens under the name of the Ravenshead or the British Plate- 
glass Company. 

The glass industry was introduced into Russia in the 17th 
and 18th centuries by German and Bohemian workmen. In 
the United States the same manufacture appears to have been 
established by Robert Hewes, a citizen of Boston, who erected a 
glass-house in the forest which existed in New Hampshire. The 
manufacture of Hewes does not seem to have been success- 
ful, and in 1800 another attempt was made to establish a glass- 
house at Boston, which also failed, until a German of the name 
of Lint took charge of the works in 1803, and the State of 
Massachusetts agreed to pay a bounty on all glass manufactured 
by him. 

262 The Materials used in Glass Manufacture . — Silica is 
used in the forms of quartz, ignited flints, white sand, and 
ordinary sand. Potash is used in the form of purified potashes. 
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Soda was used, in the form of the native carbonate, trona, 
by the Egyptians, and in the form of artificial carbonate made 
from kelp by the early European glass-makers until 1831, 
when the cheaper soda ash made by the Leblanc process was 
used. More recently the soda has been added in the form of 
sulphate.. Laxmann in 1764 tried to use the native sodium 
sulphate from Siberian salt-lakes, and in 1803 Baader succeeded 
in employing salt-cake made as in the Leblanc soda process ; and 
when in 1656 Pelouze found a method of obtaining salt-cake 
practically free from iron, the use of salt-cake became almost 
general. Only the soda of the sodium sulphate mixes and 
combines with the other glass materials, carbon is specially 
added to reduce the sulphuric anhydride, and the gaseous 
products thus formed escape with the furnace gases; no 
practicable process has been suggested by which the sulphur 
compoimds can be condensed and utilised. Lime is used in 
the form of calc-spar, marble, chalk, or limestone. Lead is used 
as red lead, white lead, and litharge. 

It is almost impossible to obtain materials perfectly free from 
iron, and as ferrous oxide, even in small quantities, imparts to 
glass a deep green tint, whereas ferric oxide gives to the glass 
a light yellow colour, scarcely visible when present in small 
quantities, and carbon imparts to the glass a deep yellow or 
brown tint, a decolorising agent is generally added with the 
object of oxidising the carbon and neutralising the green colour 
due to ferrous iron ; for this purpose manganese dioxide (pyro- 
lusite), arsenious oxide, or saltpetre is used in the manufacture 
of lime glass, whilst red lead is employed in the manufacture of 
flint glass. 

263 Composition of Glass , — The several kinds of glass 
commonly met with may be roughly divided according to their 
composition into four chief varieties : 

I. Soda-lime glass; II. Potash-lime glass; III. Potash-soda- 
lime-iron glass, whose composition is regulated mainly by the 
cheapness of the raw materials available; and IV. Potash-lead 
glass. The following table shows the composition of these kinds 
of glass : 



SiOj. 

KjO. 

Na,0. 

CaO. 

PbO. 

{Al,Fe)j(),, 

T. 

71-78 

0-2 

12-17 

5-15 

— 

1-4 

11. 

72-76 

12-15 

0-3 

8-10 

— 

1 

III. 

60-65 

3^ 


18-20 

— 

6-11 

IV. 

40-50 

8-11 

— 

— 

38-53 

1 
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I. Soda-lime glass is remarkable for the comparatively low 
temperature at which it fuses and the consequent ease with 
which it can be worked, and also for its cheapness, while it can 
be obtained as clear and colourless as the more expensive kinds 
of glass. Owing to the ease with which it may be blown, 
welded and otherwise worked with simple sources of heat, it is 
used for making glass tubes and laboratory apparatus. On the 
large scale it is employed as window-glass and plate-glass, and 
is then known as crown glass. Its specific gravity varies from 
24 to 2*6, and its refractive index is about 1*530 for the D line. 

II. Potash-lime glass, or Bohemian glass, possesses a high 
fusing point and requires a high temperature to work it; it is 
less acted upon by solvents than the other kinds of glass. The 
above properties fit it especially for the manufacture of chemical 
apparatus, and in particular for combustion tubes. 

III. Common or bottle glass is distinguished by its yellow, 
brown, or green colour, due to the iron and other impurities 
present in the cheap raw materials used, such as common 
coloured sand, basalt, wood ashes, the residual alkaline and lime- 
salts from alkali works, gas w'orks, and soap works, common 
salt, salt-cake, clay and rocks containing felspar. The iron 
silicate being comparatively easily fusible allows of the diminu- 
tion of the more costly alkah silicates. This glass is more 
difficultly fusible than soda-Ume glass, and is also more readily 
attacked by acids. A soda-lime-alumina glass is much used for 
beer, wine and spirit bottles, as it is mechanically strong and 
relatively insoluble. 

IV. Potash-lead glass, Flint glass, Crystal or Strass is distin- 
guished by being very fusible and easily worked, although the 
heating must be done in an atmosphere free from reducing 
gases, as these reduce the lead siUcate to metallic lead, thus 
making the glass opaque and black. The glass has a higher 
specific gravity, viz., 3-0-3*8, brighter lustre, and greater refrac- 
tive power, viz., 1*70-1*78 for the D line, than any of the pre- 
ceding kinds of glass. Crystal contains an extra proportion 
of lead and is used for optical purposes, whilst strass contains a 
still larger proportion; these are distinguished by high refrac- 
tive indices and great lustre. Lead glass is more easily 
attacked by aqueous solutions than the preceding kinds, and 
is therefore not suitable for chemical apparatus, although it 
is sufficiently resistant for the manufacture of many articles in 
common use, especially table glass. 
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Special glass of unusual composition , — Besides potash-soda- 
lime-lead glass, many kinds of glass are made in which 
magnesium, zinc, barium, antimony, arsenic, aluminium, 
lithium, didymium, thallium, iron, and manganese oxides replace 
partially or even completely the first-named oxides, and in which 
the silica is partially replaced by boric and phosphoric oxides. 
Boro-silicate glass containing zinc and barium oxides is remark- 
ably resistant to the action of water and is known as Jena 
glass. Another boro-silicate glass is used for high temperature 
thermometers. Many different glasses are used for optical 
purposes, their mean refractive index varying from 1*49 for 
a boro-silicate lime glass to 1*65 for a lead-bariinn silicate glass, 
their dispersion C-F varying from 0*007 to 0*020. Phosphate- 
silicate glass containing alkali, alumina, and baryta is used 
for microscope objectives, and a remarkable glass consisting of 
a boro-silicate of barium, zinc, and aluminium, and entirely 
free from alkalis, is used for photographic objectives. Other 
kinds of glass particularly transparent to the ultra-violet rays are 
used for astronomical objectives, and special electric glow lamps. 
On the other hand a dark green glass containing ferrous oxide 
is quite opaque to radiant heat. Glasses of particular shades of 
red, green, and blue-violet are used in colour photography, and 
glass of other shades is employed for isochromatic monotone 
photographs and for photographing microscopic objects after 
the use of particular stains. Lastly, glass of piu*e fused silica 
must be mentioned, articles of which are now manufactured on 
a considerable scale and are found very valuable in the labora- 
tory and in technology, in the concentration of sulphuric 
acid. (See Vol. I., p. 927). 

264 Thermal Expansion of Glass , — The necessity for annealing 
glass and the mode of preparation of toughened glass alike depend 
on the thermal expansion of the glass. A very interesting case 
of a glass nearly free from thermal expansion is found in quartz 
glass obtained by fusing pure quartz in the oxy-hydrogen flame 
or electric furnace, and drawing, welding, and blowing the 
vitreous melt into the required forms. Such quartz glass vessels 
may be dropped white hot into cold water without cracking, 
i.e,, will withstand a sudden temperature change of over 1000°. 
The coefficient of expansion of quartz glass per 1° C. is 
0*00000052, whilst that of ordinary soft soda-glass is 0*000023 
to 0*000027. Jena or resistance glass, extensively used for 
making glass laboratory vessels, will withstand temperature 
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shocks of 190° C., while Bohemian glass, having a higher thermal 
expansion, will barely stand shocks of 95° C. The thermal 
expansion of a glass depends upon its chemical composition and 
may be calculated from the percentage composition by multiply- 
ing each percentage by the following factors and summing the 
products ; ^ the factors are : 


B 2 O 3 0*000,000,003 

SiOa 027 

ZnO 060 

P 2 O 5 066 

BaO 100 

PbO 100 

CaO 166 

K 2 O 283 

Na20 333 


An example of a special glass with a very low expansion 
coefficient, viz., 0*0000015, is the particular glass used for 
incandescent gas lamps. 

For the manufacture of thermometers it is of great importance 
that the glass shall regain its original volume as rapidly as 
possible after it has undergone a change of temperature. Special 
glass for this purpose is now made under the name of Jena 
normal-glass which has the following composition : 

B 2 O 3 SiOa NajO ZnO CaO AljOj MnjOj Total 

2 0 07 3 14 0 7 0 7-0 2-5 0-2 100 0 

After being heated to 100° thermometers of this glass only 
show a depression of the zero of 0*06°, whilst ordinary thermo- 
meters show depressions of from 0*1 to 1 * 0 °.^ 

A further improvement is effected by enclosing within the 
thermometer bulb a small rod of another kind of glass having 
the same coefficient of expansion, but a much larger thermal 
after-effect, when the depression of the zero is corrected.® The 
importance of mercurial thermometers reading reliably at high 
temperatures has led to the introduction of instruments filled 
above the mercury with nitrogen, and the pressure exerted by 
this on the bulb has necessitated the use of glass of very high 
melting point. By careful attention to the composition of 
such glasses, the range of thermometers has been gradually 
extended from 360° up to 450°, 550°, and even 575°. 

1 See Hovestadt, Jenaer Qlaa (Gustav Fischer, Jena, 1900). 

* Zett. Inatrumentenkunde, 1883, 3, 377; 1891, 11, 330; 1892, 12, 402. 

^ Schott, ZeiL anal Cheniy 1898, 37, 585. 
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The Manufacture op Glass. 

265 The materials employed for the manufacture of the glass 
are first fritted together in melting pots. These pots require 
great care in their preparation and are made of the most refrac- 
tory kind of fire-clay, such as that found at Stourbridge. When 



Fio. 146. Fig. 147. 


charcoal or gas ig^used as fuel the pots are open (Fig. 146) ; when, 
however, coal is employed, and especially in flint-glass making, 
the pots are hooded or covered at the top, having a mouth in 



Fio. 148. 


front like a muffle as seen in Fig. 147. The melting-furnace is 
built of sandstone, or of moulded blocks of special fixe-clay. 
The construction of the oldest form of glass-furnace, as used 
in the time of Agricola, is shown in Fig. 148. It is hemi- 
spherical and is heated by a wood fire placed in the lowest opening ; 

VOL. II. (i.) Q Q 



THE MANUFACTURE OP GLASS 


595 


the second opening gives access to the melting-pot, whilst the 
upper space serves as the annealing oven. The small Bohemian 
furnace, in which wood is employed as a fuel, shown in Fig. 149, 
was formerly common in Germany. The older glass-houses were 
usually built in the form of a truncated cone, open at the top, 
from 60 to 80 feet in height, and from 40 to 50 feet in diameter 



1 lu. 152. 


at the base, the centre of the area being used for the melting- 
furnace, capable of holding from 5 to 10 glass-pots or crucibles 
for melting the materials. The wood used in early times as fuel 
was gradually replaced by coal, and this change necessitated 
an alteration in the form of the furnace. In order to insure 
complete combustion, and to bring about a sufficiently high 
temperature when the fuel used is coal, the arrangement shown 
in Fio^ 150 is made use of, the whole of the furnace being enclosed 
in a conical chimney. 
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Figs. 161 and 152 show the construction of a modern English 
flint-glass furnace in plan and in vertical section. Ten large 
glass-pots are placed round the walls of the furnace, with their 
mouths towards the outside, opposite corresponding holes in 
the external wall of the furnace, so that the molten glass can 
be readily withdrawn. A small pot is placed above the firing- 
hole (d). The grate for the coal fire is situated in the centre of 
the furnace and the flames striking on the arch or crown (e) (Fig. 
152) play round each pot and find their way through the flues 
(f) in the pillars into the common chimney. 



Fio. 153. 


Amongst modern glass-furnaces that invented by Siemens is 
the most successful. Fig. 153 shows the original Siemens gas 
generator, which is situated at some distance from the melting- 
furnace. In this the coal falls down through the opening (g) on to 
the inclined plane (bb), whence it passes on to the bars (cc) of the 
furnace. Here an incomplete combustion takes place and the coal 
lying above the grate imdergoes dry distillation ; the gases pass 
through the flues (c) (o) and (e), and are led into the melting- 
furnace, the construction of which is seen in Fig. 154. Here 
the gas p^ses at first through the flue (o') to the regenerator (d'), 
where it is heated, and thence passes by the flues (e' f^) into 
the furnace, whilst the air necessary for the combustion of the 
gas is allowed to enter through the air passages; the products 
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of combustion pass from the furnace by a flue not shown, but 
placed behind (f') and thence by the flue (e') to the second 
regenerator (d') and so to the flue (c') and to the chimney. Aiter 



Fig. 154. 


about twenty minutes the regenerator (o') has cooled, while 
the regenerator (d') has been heated to a fairly high temperature, 
and by now altering the position of large valves in the several 
flues, the direction of the gas is reversed, so that it is heated on 
its way to the furnace by the regenerator (d'), while the waste 
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section, and Fig. 157 a vertical longitudinal section of an im- 
proved form of a Siemens glass-melting furnace. Tliis fiiniaco 
resembles the one last described, in having the regenerative 
arrangement for recovering the waste heat as shown at (n'd') 
Fig. 154, but is remarkable for an improved method of construc- 
tion and mode of working, the glass being placed in tanks instead 


gases from the furnace impart a portion of their heat to the 
regenerator (d'). Whilst the construction of glass furnaces is 
generally on the above lines, all common types of gas-producers 
are now employed in conjunction with them. 

Fig. 155 shows a vertical cross section, Fig. 156 a horizontal 
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of in jpots. In the older forms of glass-furnace the materials are 
first charged into the glass-pots, then fritted and melted down 


and worked out completely, after which the pots are re-charged 
and the process repeated. Hence a considerable loss of time and 
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waste of fuel take place through the intermittent nature of the 
work. Siemens’ improvement has for its object the rendering 
of the process of glass-making a continuous and more uniform 
one. It consists of an arrangement of tanks (a), (b), (c), Fig. 167, 
of which (a) serves to receive the raw materials; in this tank 
they are fritted together and afterwards fused. From (a) the 
liquid “ metal ” flows into (b), the clarifying compartment, whence 
it passes into (c), the working compartment, from which it 
can be withdrawn by the workmen in the usual manner through 
the doors (d, d). The compartment (a) is fed with raw materials 
through the charge-aperture (e) at the back of the furnace. 
This compartment (a) is separated from the tank (b) by a division 
wall (f), Fig. 156, in which a series of passages is formed, one 
of which is seen at (a a), Fig. 157. Through these passages the 
melted glass flows, and from (b) it passes to the tank (c) through 
the passages (b) in the division wall (g). The sides and bottom 
of the tank are honeycombed with air-passages (d d d), through 
which cold air is caused to circulate by the draught produced in 
the chimney (h), and thus the tank walls are maintained in a cool 
condition so as to enable them better to withstand any injurious 
action of the melted glass. The gas-ports are shown at (k k), 
and the heated air issues from corresponding openings passing 
in diverse directions over the upper edges of the wall. By this 
means an effectual intermixture of the combustible gas and the 
heated air is produced, and the air is prevented from coming into 
immediate contact with the surface of the melted glass in the 
tanks. By arranging the gas- and air-ports along the sides of 
the tanks, the temperature in the different parts of the furnace 
can be regulated according to the various stages of the preparation 
of the glass in the several compartments. 

The materials required for the formation of the glass are, if 
possible, always mixed with broken glass of the same kind, 
technically termed “ cullett,” for the purpose of increasing the 
fusibility of the mass. The materials, however, are not placed 
in the pots until these are heated up to a high temperature. 
The furnace is kept very hot until the first portion of the material 
added has been fused, and then a second portion is introduced. 
When all the solid matter is dissolved, the glass is still full of 
small bubbles of gas, and is of a spongy nature and not yet in a 
fit state for working. Moreover, the surface of the melted mass is 
covered by a layer of salts chiefly consisting of chlorides and sul- 
phates of potassium and sodium which have escaped perfect 
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vitrification; this is termed glass-gall or sandiver. Formerly, 
when impure materials were more generally employed than is 
now the case, large quantities of this scum were formed. Now, 
however, its formation is avoided by the use of purer materials 
and by the addition of charcoal if salt-cake is employed, care 
being taken not to add an excess, as otherwise the glass assumes 
a yellow colour. The last process in glass-making is termed the 

fining,'’ and consists in the removal by subsidence of the 
heavier non-vitrified particles, and the escape of the bubbles of 
gas to the surface. For this purpose the glass must be brought 
into as liquid a state as possible, and consequently at this stage 
of the operation the temperature is raised to the highest point. 
When all the gas-bubbles and the glass-gall have disappeared, 
the temperature of the furnace is allowed to fall slowly, the 
object being to reduce the fluidity of the glass to the point at 
which it becomes viscid and in a workable condition. Glass is 
worked either by the skill of the glass-blower, for the production 
of the ordinary hollow- or blown-glass articles, or by casting in 
presses, or, lastly, by pouring the ‘‘ metal " out on to iron tables 
and rolling it into plates. The tools described by Blancourt in 
his w’ork On the Art of Glass, printed in London in 1699, are almost 
the same as those now in use. 

It should be mentioned that oil firing is now being used to some 
extent, a mixture of air and oil being sprayed into the furnace. 

Annealing . — All articles made of glass require to be very 
slowly and homogeneously cooled, for those portions of the 
glass which are on the outside solidify first, and leave the interior 
portions still warm, and these, unable to contract on cooling, are 
left in a state of tension; hence glass which has been quickly 
cooled cracks and falls to pieces with the slightest disturbance, 
such as is caused by a very slight scratch. All glass therefore 
requires to go through the annealing process. This consists in 
submitting the glass articles to a very slow cooling. The con- 
struction of an old type annealing oven is shown in Fig. 158; 
in most modem glass-houses continuous annealing furnaces, or 
“lehrs,” are employed, consisting of long brick chambers heated 
to about 550® C. at one end and about 200-300® C. at the other, 
with an even temperature gradient along the chamber. The 
glass to be annealed is fed in at the hotter end, usually on iron 
trays or carriages, and travels slowly during a period of several 
hours to the cooler end, whence it is removed sufficiently 
annealed to stand natural cooling to the ordinary temperature. 
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The fact of the brittleness of glass when suddenly cooled is well 
seen in the so-called Rupert's Drops (Fig. 159), obtained by allow- 
ing a little melted glass to fall drop by drop into cold water. By 
merely breaking off the thin point the whole mass is converted 
with a slight detonation into a fine powder. Similarly an ordi- 
nary thick tumbler made of unannealed glass flies to pieces when 
the slightest scratch is made on the interior surface, as when a 
small piece of flint is allowed to fall into the glass. 



Fio. 158. 

Toughened Glass is a particular kind of strained and partly 
annealed glass, discovered by De la Bastie. The glass articles, 
heated almost to redness, are suddenly immersed in oil heated 
to 300°, and are then allowed to cool gradually, or sheets of 
glass are allowed to cool between plates of suitably heated 
metal. The glass thus prepared is able to withstand sudden 



Fig. 159. 


changes of temperature better than the untoughened glass ; it is 
also not readily broken when dropped, but when by increasing 
the severity of die blow it is broken it falls into fine splinters. 
Although a crack may occur in the vessel of toughened glass 
without the whole mass breaking up, yet it cannot be cut with a 
diamond, and the plates have accordingly to be made of the size 
ultimately required. 

Laboratory Glass Working , — The methods of constructing spe- 
cial pieces of apparatus, though they cannot be here described, 
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are of considerable inaportance to the research chemist, and 
to those engaged in the examination of any gaseous products; 
assistance in acquiring this art may be obtained from special 
manuals on the subject.^ 

266 Decomposition of Glass , — It is of especial importance for 
the chemist that his glass vessels should satisfactorily withstand 
the action of chemical reagents. Bernard Palissy, Lavoisier, and 
Scheele were well aware of the solvent action of water upon 
glass, and they explained this by the solution of the alkaline sili- 
cates, whilst the insoluble silica or lime silicate floated about in 
the liquid. In his celebrated researches on the atomic weights 
of the elements, Stas ^ describes a series of preliminary experi- 
ments made for the purpose of ascertaining the kind of glass 
which is least subject to such deterioration. Ho found that 
glass containing lead or alumina was readily acted upon by 
acids, whilst potash-lime glass withstood this action best, and 
he prepared a glass of the following composition, which was 
sufficiently capable of resisting solvents and at the same time 
fusible enough to enable it to be worked into the various forms 
of chemical apjiaratus : 

SiO, K,0 NagO CaO 
77-0 7-7 5-0 10*3 = 100. 

Emmerling ^ found the solvent action of boiling solutions on 
glass vessels to be within certain limits proportional to the 
time during which the action takes place, and naturally it is 
also proportional to the surface exposed to the action of the 
liquid. Dilute alkalis attack glass very much more rapidly than 
neutral or acid solutions, and hence it follows that in order to 
diminish the errors which occur in quantitative analysis from 
the solvent action of reagents upon glass, the long continued 
contact of alkaline liquids must especially be avoided, any such 
liquid being acidified before evaporation ; it is also advisable to 
avoid the use of new glass vessels, which are attacked much more 
rapidly than old ones. It appears that the most resistant glasses 
have approximately the molecular composition 8*6 SiOg : 1 CaO : 
1*2 (Na2,K2)0, the relative proportion of soda to potash making 
little difference.^ 

^ The Methods of Glass Blowing^ Shenstone, 1886; Glass-Blowing and 
Working, Bolas, 1898. 

* Nouvelles Becherches, etc., Mem. Acad. Belg , 35i 216. 

» Annalen, 1869, 160, 267. 

* Weber and Sauer, Ber., 1892, 25, 70; Mylius and Foerstcr, ibid., 1889, 
22, 1092; 1892, 26, 97. 
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The number of milligrams of glass destroyed per hour on an 
exposed surface of one square decimetre by various solutions is 
given approximately by the following figures, the glass being such 
as is used for making fiasks, beakers, etc., and known as (1) 
Bohemian glass, (2) Jena glass. Water at 20°, (1) 0*0040, 
(2) 0*0002 ; water at 80°, (1) 0*50, (2) 0*02 ; sulphuric acid 5 per 
cent, at 100°, 1*7, (2) 0*0 ; sodium carbonate 10 per cent, at 100°, 

(1) 20*0, (2) 8*0; sodium hydroxide 8 per cent, at 100°, (1) 15°0, 

(2) 17°0. 

Glass is slowly attacked by the moisture and the carbon di- 
oxide contained in the air, so that the surface gradually becomes 
spotted with minute crystals of sodium carbonate or with minute 
drops of potassium carbonate solution, and this action is acceler- 
ated in hot saturated air. Badly prepared window glass, especially 
that rich in alkalis, becomes opaque in the course of time. This 
is due to a similar decomposition of the surface, so that the 
carbonates of the alkalis being washed away, an iridescent 
coating consisting of a thin film of calcium silicate remains. 
This iridescence is especially well seen in antique glass which has 
been buried in the earth for a considerable length of time. A 
similar iridescent surface is now produced artificially by heating 
ordinary glass imder pressure in contact with hydrochloric acid. 
Boro-silicate glasses, and especially those containing zinc and 
barium, are particularly permanent on exposure to the air. The 
decomposition of the surface of glass is often not to be seen until 
the gla.ss is heated, when the surface dehydrates and cracks. 

Devitrification of Glass. Miaumur's Porcelain . — In 1739, 
Reaumur observed that if a piece of glass were surrounded by 
sand or gypsum, and heated strongly for a considerable length 
of time, it was converted into a porcelain-like mass, to which he 
gave the name of porc&aine par dhitrifkalion. According to 
the experiments of P41ouze, Benrath,^ and Stolba,® the porce- 
lain-like glass possesses the same composition as ordinary 
transparent glass. Devitrification results from the gradual 
precipitation or crystallisation of certain ingredients of the 
vitreous solution, and the liability to devitrify depends on the 
composition of the glass. 

* Die QlasfabnkeUum, 1875, 18. 

• J. pr. Chem., 1863, 90, 465; 1864, 93, 118. 
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Opaque, Coloured and Matt Glass. 

267 M\lk-glass , — The ordinary opalescent or milk-glass is 
either soda-glass or flint-glass which has been rendered opaque 
by the addition of an insoluble powder, such as bone-phosphate 
or mineral-phosphate. 

Enamel , — Another opaque variety of glass is known under 
the name of enamel. This name originally signified lead-glass 
rendered white by oxide of tin, but oxide of antimony and 
sulphate of barium are now also employed. Enamel is used for 
covering the surface, or for “ enamelling iron vessels used for 
cooking and for chemical manufacturing purposes. Enamels 
may be coloured by any of the materials next described for 
colouring glass, such coloured enamels being used for making 
ornaments by fluxing them on to plates or articles of gold or 
copper, to which they readily adhere. 

Ruby Glass . — The older chemists were acquainted with the 
fact that glass could be coloured a ruby-red tint by means of 
various gold compounds. Thus Neri describes a method of 
preparing ruby glass by adding to the glass-maker’s materials 
the residue from the evaporation of a solution of gold in aqua 
regia. General attention, however, was drawn to this subject 
in the 17 th century, after the discovery of the purple of Cassius ^ 
obtained as a dark-red powder by mixing the chlorides of gold 
and tin (p, 524 ). Amongst other chemists, Kunkel occupied 
himself with the preparation of this gold pigment, and obtained 
from the Elector Frederic William the sum of 1,600 ducats for 
liis experiments. 

In his Ars Vitriaria Experimentalis he says : “ There was a 
certain Doctor medicinae, by name Cassius, who discovered the 
prcBcipitoifio Sohs cum Jove : to this perhaps Glauber may have 
given occasion, but I leave this undecided. The aforesaid 
Doctor Cassius endeavoured to bring it into glass, but when he 
tried to form a glass with it, or when he took it out of the fire 
it was as colourless as crystal, and he could not bring any per- 
manent red out of it. He may, however, have observed, being 
a man curious about these things, amongst the glass-blowers that 
when they softened glass in the flame of the lamp the colour 
underwent a change. Thus he came to try the same plan with 
gold glass, and obtained a splendid ruby colour. When I learnt 
this, I set to work at once, and I know best what trouble I had 
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to hit the proper composition, and to find out how to get it 
always red.” 

The secret which is involved in the above words is explained 
in the Laboratorium Chymicum, which appeared after his death : 
“ This ruby glass possesses the property that when the glass is 
melted with the O (gold) it comes out of the fire as clear as 
crystal, and in order to become red must be heated again in a 
mild fire.” 

On the addition of purple of Cassius, or of gold chloride, to 
a melt of glass, the latter remains perfectly colourless when 
quickly cooled; but when reheated to the point at which it 
becomes soft, the whole mass attains a ruby-red colour. By the 
addition of tin or silver compounds, a variety of tints between a 
rose-red colour and a red-purple colour can be obtained. It is 
probable that the colour is due to metallic gold in so finely 
divided a state that the substance only allows red light to pass 
through it: indeed, the presence of fine particles of gold in 
ruby glass has been detected by the ultramicroscope.^ The 
amount of gold contained in ruby glass is very small, amounting 
to from 0*05 to 0*06 per cent. 

Cuprous oxide also colours glass a fine and intense red, but 
inasmuch as this compound readily undergoes oxidation and as 
cupric oxide imparts to glass a light green colour, a reducing agent 
such as iron scale is added to the materials. Oxidation is also 
prevented by poling the molten mass with pieces of fresh wood. 
The glass on cooling appears of a light green colour, but becomes 
red on re-heating. The preparation of this glass was also under- 
stood in early times. Klaproth found both copper and iron 
in a sample of old Roman glass, and in the beginning of the 17th 
century, Ncri described a method of calcining copper in order 
to colour glass, and stated that iron filings, iron scale, or other 
reducing agents must be added in order that the colour might 
come out a bright red. Kunkel also employed himself with 
the preparation of this glass, but in later times the art was lost, 
and it was not until the year 1828 that Engelhardt examined 
the question and obtained a prize which the Berlin Polytechnic 
Society had offered for the discovery, since which time the 
method has been generally practised. Cuprous oxide possesses 
a very strong colouring power, and for this reason copper-ruby 
is generally flashed on to colourless glass, as otherwise the 

^ Zsigmondy, Zeit. phyaikal, Chem., 1906, 56 , 66; see also Garnett, Proc, 
Roy. 8oc,, 1906, 76 , [A], 370. 
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colour would be altogether too intense. The glass-blower brings 
the requisite quantity of colourless glass on to his blowpipe, 
and dips this into the molten coloured glass so as to cover the 
former with a thin film, and the compound glass is then blown 
and shaped in the usual way. By examining the cut edge of a 
piece of flashed copper ruby glass the thin layer of coloured glass 
resting on a very much thicker layer of colourless glass is dis- 
tinctly visible. By grinding or etching through the flashed colour 
highly decorative effects may be obtained; this art of flashing 
and grinding was known to the ancients, as is shown by the 
celebrated Portland Vase made of black glass flashed over with a 
milk white glass. 

Ferric oxide (colcothar) also imparts a red colour to glass, but 
the tint is less brilliant than either of the two just described. 

Yellow Glass is prepared by the. addition of potassium anti- 
monate or of antimony-glass (a fused and imperfectly oxidised 
sulphide of antimony) ; other yellow colours are obtained by the 
use of silver chloride and silver borate. Organic bodies also 
impart a yellow tint to glass. This must have been observed by 
Thomas Aquinas, who describes a mode of preparation of arti- 
ficial topaz by placing a piece of aloe-wood over the vessel in 
which the glass is melted. It was formerly believed that this 
brown colour was due to <;arbon. Splitgerbe has, however, 
shown that it is caused by the presence of the sulpliides of the 
alkali metals obtained by reduction from the sulphates contained 
in the material used for glass-making. 

Green Glass is obtained by the addition of cupric oxide, as was 
known to the ancients, the above substance being found in 
antique glass. According to Seneca, Democritus of Abdera 
was acquainted with a method for producing the emerald arti- 
ficially, and Theophrastus, about 300 b.c., described a mode 
of colouring glass green by means of copper. Other green tints 
are obtained by the addition of oxide of chromium and ferrous 
oxide, the latter giving a dull bottle-green colour. 

Blue Glass, — Cobalt oxide colours glass a fine blue, and this 
oxide has been used from early times for this purpose. 

Violet Glass, — The violet colour of glass is obtained by the 
addition of black oxide of manganese and nitre. 

Black Glass, — ^A fine black opaque glass is obtained by the 
addition of sesquioxide of iridium to colourless glass, and a 
common black glass is prepared by adding large quantities of ferric 
oxide, with which copper oxide or cobalt oxide is frequently mixed. 
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Paste, — The property of glass to attain a variety of tints by 
the addition of various metallic oxides is made use of for the 
production of imitation gems or paste, and this art has now 
attained such perfection that it is difficult even for an adept 
to ascertain upon mere inspection of a stone whether it is genuine 
or only an imitation. Strass is employed for the basis of paste, 
because of its high refractive power and bright lustre. Accord- 
ing to Donault-AVieland topaz is formed by adding to 1,000 
parts of strass, 40 parts of antimony-glass and 1 part of purple 
of Cassius. Ruby is obtained from the ingredients of the topaz 
mixture by fusing 1 part of this with 8 parts of strass and allowing 
the fused mass to remain at the temperature of the furnace 
for thirty hours. Emerald is prepared by fusing 1,000 parts 
of strass, 8 parts of cupric oxide, and 0*25 part of chromium 
oxide. Sapphire can be made by the addition of 15 parts of 
cobalt oxide to 1,000 of strass; amethyst requires the addition 
of 8 parts of manganese dioxide, 5 of cobalt oxide, and 2 of 
purple of Cassius; whereas beryl or aqua-ynarine is prepared by 
adding 7 of antimony-glass and 0*4 of cobalt oxide to the 1,000 
of strass, and Syrian garnet or carbuncle requires 500 of antimony- 
glass and 4 parts each of manganese dioxide and purple of 
Cassius to the same quantity of strass. These special tints can, 
however, be readily varied at pleasure. 

Avant urine Glass has received its name from a rare form 
of quartz which occurs in Spain and the Altai, containing spangles 
of mica or other mineral. Avanturine glass is more beautiful 
than the natural mineral, and the method of its manufacture 
is said to have been discovered by chance in the 13th century 
by Driani in Venice. The artificial avanturine was largely 
employed for the preparation of ornaments and especially for 
Venetian mosaic work. The details of its preparation were long 
kept secret, and the process was only carried out by a few of 
the liighest Venetian families. In the year 1847 Pettenkofer ' 
investigated the preparation of the antique haematine, an opaque 
red glass, and in the preparation of this material he obtained by 
accident avanturine glass. Many not wholly successful attempts 
have been made to determine the exact conditions under which 
the avanturine is thus formed. Avanturine glass is a white 
soda-lime glass, containing an excess of alkali, coloured red by 
cuprous oxide and containing an enormous number of minute 
spangles of metallic copper, probably produced by the partial 
' DmgL Polyl. Journ , 1847, 145, 122. 
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decomposition of cuprous silicate.^ According to Hautefeuille, 
a green cupric glass is first prepared; to this iron filings are 
gradually added until it becomes red and opaque; hsematine 
glass is thus formed, which is then well covered with ashes, 
and allowed gradually to cool, when the artificial avanturine 
glass is formed. 

Matt Glass , — The etching of glass with hydrofluoric acid 
was known in the 17th century, but it is only recently that this 
process has been employed for the decoration of glass, and now 
etched glass is much used in place of the more expensive cut- 
glass. Gaseous hydrofluoric acid as well as many soluble 
fluorides produce a dull or matt surface on glass possessing also 
a considerable degree of opacity, but liquid hydrofluoric acid 
produces, according to the concentration of the acid, a more or 
less transparent matt-surface. According to Tessic de Mothay 
and Marechal, the best mode of obtaining opaque-etching by 
means of hydrofluoric acid is to employ a bath made of 1,000 
parts of water, 250 parts of crystallised double fluoride of hydrogen 
and potassium, 250 parts of commercial hydrochloric acid, 
and 140 parts of potassium sulphate. This last salt renders 
the fluorides of calcium and lead which may be formed less 
soluble, whereby they are separated out in the crystalline form 
on the portions of the glass which have been etched and thus 
tend to render the surface more opaque. 

The matt-surface is now usually produced on glass by exposing 
it to a sand blast, the parts which are to remain smooth being 
protected by paper. Reagent bottles may readily be indelibly 
labelled in this manner. The matt-surface on whole sheets of 
glass is obtained by grinding with sand. 

Quartz Glass and Ftised Silica Ware , — The fact that quartz can 
be easily fused in the electric furnace and worked up into articles 
for chemical use is referred to in Vol. I., p. 92G. Such articles 
are now manufactured both in this country and abroad, white 
sand or selected quartz being fused, and made into tubes, rods, 
muffles, flasks, etc., the value of which for chemical research 
can hardly be overestimated. 


Detection and Estimation of Calcium. 

268 The fact that certain compounds of calcium impart a red 
colour to the flame of the spirit-lamp was first observed by 
^ Auger, Compl , fend ,^ 1907, 144 , 422. 
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Ribbentrop in 1796. The spectrum of a non-luminous gas 
flame tinted by calcium chloride exhibits a number of lines, of 
which the green line Ca^S is the most characteristic, the orange 
line Caa being also very prominent (see Fig. 21, p. 164). This 
spectrum is mainly due to the chloride and oxide and not to 
the vapour of the metal itself, and is also yielded by calcium 
compounds which do not volatilise in the flame, when they are 
moistened with hydrochloric acid and placed on a platinum wire 
in the hottest portion of the flame. Certain silicates containing 
calcium which' are not decomposed by hydrochloric acid must be 
first heated with ammonium fluoride, the residue then decom- 
posed by sulphuric acid, and treated as above. By means of 
the spectroscope as small a quantity as 0*00006 of a mgrm. of 
calcium chloride or similar salt may be detected. At the tem- 
perature of the electric arc the calcium compounds show the 
spectrum of metallic calcium, consisting of a number of fine 
bright lines. 

Calcium may be detected in presence of relatively large amounts 
of strontium and barium by the addition of a solution of barium 
fluoride which precipitates the calcium as fluoride.^ 

Calcium may be separated from the alkali metals by the 
addition of a solution of ammonium carbonate, calcium car- 
bonate being precipitated. As has been stated, this latter salt 
is not altogether insoluble in water, and it is, therefore, prefer- 
able to precipitate the lime as calcium oxalate by the addition 
of ammonium oxalate in neutral or ammoniacal solution; this 
salt is slightly soluble in water (0*0068 gram per litre at 25°), but 
much less soluble in dilute ammonium oxalate solution, which 
is therefore used instead of water for washing the precipitate. 
This reaction is usually employed for the estimation of calcium ; 
the washed and dried precipitate, which has the composition 
CaC 204 , 2 H 20 , is either gently ignited, by which means it is 
converted into the carbonate; or it is strongly ignited, when 
the carbonate is converted into caustic lime. The amount of 
oxalate may also be ascertained volumetrically by treating 
the precipitate with dilute sulphuric acid and titrating with 
potassium permanganate. Calcium is also occasionally estimated 
as the sulphate. The precipitation by sulphuric acid must, 
however, be made in presence of alcohol, and the precipitate 
must also be washed with the same liquid. 

The Atomic Weight of calcium was first accurately determined 

^ Karaoglanow. Zeit. anal. Chem., 1917, 56, 138. 
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by Erdmann and Marchand,^ by the ignition of calc-spar and of 
precipitated calcium carbonate. From their experiments it 
appears that the atomic weight of calcium is 39-68, 39-70, 39-73, 
or as a mean of the three numbers 39-7 (pp. 10, 11). Baup^ 
obtained the number 39-67 as the result of the analysis of organic 
lime salts. Hinrichsen,® by the careful ignition of calc-spar, 
has obtained the number 40-14 (0 = 16), and Richards,^ by 
the analysis of the chloride, found 40-13. The most probable 
value is now (1922) taken as 40-07. 


STRONTIUM. Sr = 87-63. At. No. 38. 

269 The name of this element is derived from that of Strontian, 
a village in Argyllshire, in which a peculiar mineral, strontium 
carbonate or strontianite, was originally found. At first this 
mineral was mistaken for barium carbonate, but in the year 
1790 Crawford suggested that it contained a peculiar earth, 
founding his opinion upon experiments which had been made 
on the mineral by Cruiksliank. This was confirmed in 1792 
by Hope,^ and independently by Klaproth,® a year afterwards. 
Sir Humphry Davy in 1807 first obtained the metal strontium. 

Strontium occurs chiefly as the sulphate or celestine, SrSO^, 
and as the carbonate or strontianite, SrCOg. Many specimens 
of aragonite and of calc-spar contain small quantities of stron- 
tium carbonate; and the same may be said of many kinds of 
limestone, marble, chalk, and other rocks,*^ and also many iron 
ores and other minerals,® although the strontium is generally 
present only in very small traces. Baryto-celestine is a mineral 
which contains the sulphates of barium and strontium, and the 
latter compound occurs also in small quantities in different 
varieties of heavy-spar. Strontium occurs as a silicate in 
breivsterite, H 4 (Ba,Sr,Ca)Al 2 Sig 0 ig, 3 H 20 . Small quantities of 
the chloride and sulphate of strontium occur in solution in 
many brine-springs as well as in different minerals waters. It 
is also present in chalk waters, such as that of the London 
basin, and has been found in plants, being in some cases derived 

1 Annalen, 1841, 62, 210; 1848, 68 , 219 2 ^ 1344 ^ 52, 212. 

a Zeit. phymkal Chem., 1901, 39, 311; 1902, 40, 746. 

« J, Arncr. Chem. Soc., 1902, 24, 374. 

® Account of a mineral from Strontian, Trans. Roy. Soc, KiUnh., 1702, 4, 3. 

« Crell. Ann., 1793, 2, 189, and 1794, 1, 99. 

’ Hillebrand, J. Amer. Chem. Soc., 1894, 16, 81. 

® Hartley and Ramage, Joum. Chem. Soc., 1897, 71, 633, 547. 
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from the calcareous fertilisers which have been applied to the 
soil. Strontium has also been found in sea-water in the ashes 
of Fuci 4S vesicidosus and in the spicules of certain radiolaria 
(Biitschli). 

Preparation of Metallic Strontium . — ^Davy obtained the metal 
strontium by the electrolysis of either the moistened hydroxide 
or the chloride. It was afterwards prepared by Bunsen and 
Matthiessen,^ who electrolysed a fused mixture of strontium 
chloride and ammonium chloride, using a thin iron wire as 
cathode, and obtained the metal in pieces weighing half a gram 
or less. The metal prepared by them was yellow and probably 
contained nitride. It has been obtained in a pure condition by 
Borchers and Stockem by the application of the method which 
they had employed successfully for the preparation of calcium 
(p.547). 

It has also been prepared indirectly from strontium amalgam, 
but the metal obtained by simply heating the amalgam does 
not appear to be pure. Strontium amalgam can be obtained by 
heating a saturated solution of strontium chloride to with 
20 per cent, sodium amalgam,^ but is more conveniently pre- 
pared by electrolysing a solution of strontium chloride with a 
mercury cathode, washing the product with water, pressing 
between folds of filter paper and then heating to 150^^.^ 

In order to prepare pure strontium, the amalgam containing 
8 per cent, of strontium is heated in vacuo to 700*^, and then to 
about 1000'^ in hydrogen. The mercury is thus completely 
removed and a compact mass of the hydride obtained. This is 
then heated in small quantities in vacuo in an iron tube con- 
tained in a porcelain tube. The hydride decomposes, and the 
strontium volatilises and is condensed on a polished hollow steel 
tube, cooled by a stream of water. The metal thus obtained 
contains 98*6 — 99 per cent, of strontium, and may be obtained 
still less impure (99*4 per cent. Sr) by redistillation in vacuo.* 
(Jlascock has prepared it from the fused chloride,® and it may be 
obtained in quantity by a method ® analogous to that employed 
for the manufacture of calcium, using a bath of 15 per cent. 

^ Journ. Chem. Soc., 1856, 107. 

2 Franz, J. pr. Chem.f 1869, 107, 263. 

® Guntz and Roederer, Bull. Soc. chim., 1906, [3], 35, 494. 

* Compt. rend., 1906, 142, 400; Bull. Soc. chim., 1906, [3], 35, 603; also 
Compt. rend., 1910, 151, 813. 

» J. Amer. Chem. Soc., 1910, 32, 1222. 

• Neumann and Borgoe, Zett. Elcktrochem., 1914, 20, 187. 
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potassium chloride and 85 per cent, strontium chloride, fusing at 
628°, and a current density of 20 — 50 amperes per sq. cm. of 
cathode. Pure strontium is a crystalline, silver-white metal of 
sp. gr. about 2-5; it has the same hardness as lead, melts at 
about 800°, and volatilises freely at 950°. It very rapidly loses 
its lustre in the air and takes fire when simply rubbed with a 
hard body, whilst the finely-divided metal inflames spontaneously 
in the air, forming a mixture of oxide and nitride. The metal 
burns with a dazzling red flame when heated in oxygen, and is 
also readily attacked by the halogens, hydrogen chloride, sulphur, 
hydrogen sulphide, phosphorus, etc. It decomposes water and 
alcohol, and is readily dissolved by acids (Guntz and Roederer). 
It is less electro-positive than calcium and the alkali metals. 
Strontium behaves towards liquid ammonia like the alkali metals 
(p. 329).i 


STRONTIUM COMPOUNDS. 

270 The preparation of strontium compounds free from 
calcium and barium is a matter of considerable difficulty. It 
is not easy to effect a separation of isomorphous salts, hence 
calcium and strontium cannot be separated by means of their 
chlorides, nor strontium and barium by means of their nitrates. 
The purification is best accomplished by dissolving the crude 
carbonate in hydrochloric acid, precipitating foreign metals by 
strontium oxide, followed by chlorine Avater, and then precipitat- 
ing most of the barium by the addition of concentrated hydro- 
chloric acid. Sulphuric acid is then added, and the greater 
portion of the mixed sulphates converted into carbonate by 
ammonium carbonate. The precipitate is next dissolved in 
dilute nitric acid and fractionally precipitated with sulphuric 
acid until no barium is contained in the precipitate. Calcium 
is removed from the nitrate by repeated precipitation of the 
strontium nitrate by alcohol.^ 

Strontium Monoxide or Caustic Strontiay SrO. — This sub- 
stance is obtained by the ignition of the nitrate in the form of 
a greyish-white porous mass, which becomes crystalline at about 
2,500° and melts at about 3,000° (Moissan). When brought 
into contact with a small quantity of water the monoxide unites 
with it to form a white powder of strontium hydroxide, Sr( 0 H) 2 . 

* .See also Roederer, Bull. Soc. chim , 1906, [,3], 35, 716. 

* Sfjrensen, Zeit. anorg. Ch^m., 1806, 11, 306. See also Richards, ibid., 
1906, 47, 145. 
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This body possesses a specific gravity of 3-625, and when 
strongly heated is reconverted into strontia. The hydroxide is 
easily soluble in hot water, and the solution, on cooling, deposits 
transparent tetragonal crystals of the hydrate Sr( 0 H) 2 , 8 H 20 ; 
100 parts of cold water dissolve 2*0, and of boiling water 41-66 
parts of the crystals. Strontia water has a strongly alkaline 
reaction and possesses caustic properties less marked than the 
solutions of the alkalis. 

Considerable quantities of strontium hydroxide are used in the 
refining of sugar. 

Strontium Dioxide, Sr 02 . — Pearly scales of the hydrated 
dioxide, Sr 02 , 8 H 20 , separate out on mixing a solution of 
the hydroxide with hydrogen dioxide; these lose water on 
heating, leaving the anhydrous dioxide as a light white powder 
which does not melt at a red-heat, but gradually loses oxygen 
(Schdne).^ The anhydrous peroxide may also be prepared ^ by 
heating strontia in oxygen at a pressure of 105 to 126 Idlos. per 
sq. cm. and a temperature of 400 — 500°. 

Strontium Hydride, SrHg, is prepared by heating strontium, or 
its amalgam, or an alloy containing 55 per cent, of cadmium, in 
hydrogen, and is a white solid, which forms at a red heat and 
decomposes when more strongly heated, its dissociation pres- 
sure being 100 mm. at 1000 °. In its general properties it 
closely resembles calcium hydride.® 

Strontium Chloride, SrCl 2 , is obtained by dissolving stron- 
tianite in hydrochloric acid. The hot concentrated solution 
deposits, on cooling, long hexagonal needles, SrCl 2 , 6 H 20 , 
which are isomorphous with the corresponding hydrate of 
calcium chloride. They possess a sharp, bitter taste, have a 
specific gravity of 1*603, and effloresce on exposure to the air. 
On heating, these crystals yield the anhydrous salt as a white 
powder, which melts at 873° and when again cooled forms a 
white semi-transparent glassy mass having a specific gravity of 
3*05. According to Mulder 100 parts of water dissolve : 

At 0*^ 20° 40° 60° 80° 100° 118-8° 

SrCl 2 44-2 53-9 66-7 83-1 92-4 101*9 116-4. 

The hexahydrate passes into the dihydrate, Sr 2 Cl, 2 H 20 , at 

^ See also Riescnfeld and Nottebohm, Zeit. anorg. Chem., 1914, 89 , 405; 
90 , 150. 

* Pierce, Brat. Pat., 130840. 

• Ountz, Compt, rend., 1901, 133 , 1209; 134 , 838; Gautier, ibid , 134 , 100, 
1108. 
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65*5° in contact ^vdth a saturated solution. Chloride of 
strontium also dissolves in alcohol. The commercial salt 
frequently contains calcium chloride. 

A crystalline compound, SrClgJClgjSHaO, has been described. 

Basic halides of strontium, SrCl2,Sr0,9H20 ; SrBr2,Sr0,9H20 ; 
Sii2,Sr0,9H20 ; are known.^ 

Strontium Sulphide, SrS, can be obtained crystallised in cubes 
by heating the sulphate with carbon in the electric furnace, ^ 
and is also formed by heating the carbonate with sulphur, and 
the carbonate or oxide in a stream of sulphuretted hydrogen.® 
Like the sulphides of calcium and barium, it is strongly phos- 
phorescent in the presence of small amounts of certain foreign 
substances, whilst the pure sulphide does not possess this 
property. The most brilliant green phosphorescence is obtained 
in the presence of traces of sodium carbonate and chloride and 
bismuth nitrate, but manganese salts produce a similar 
phosphorescence."* Strontium sulphide is readily hydrolysed by 
water to give equimolecular proportions of hydrosulphide and 
hydroxide : these do not combine, as in the case of barium, and 
pure strontium hydroxide may be crystallised from the solution.*'* 

Strontium Sidphale, SrS 04 , is found in large, well-developed 
rhombic crystals and as a fibrous amorphous mass. It frequently 
possesses a light blue colour, whence it takes its name celestine 
(coelestis). When sulphuric acid or a soluble sulphate is added 
to a solution of a strontium salt, the sulphate is thrown down 
as a white precipitate possessing a specific gravity of 3-707, and 
fusing when strongly heated. It is but very slightly soluble in 
cold, and still less in boiling water. One litre of water 
at 18° dissolves 0-lM gram (Kohlrausch). Strontium sulphate 
is much more easily soluble in acids and in solution of common 
salt, as well as in other salt solutions, but is less soluble in 
sulphates or dilute sulphuric acid, and is completely decom- 
posed by boiling with a solution of an alkali carbonate. When 
the salt is dissolved in hot concentrated sulphuric acid, crystals 
of celestine separate out on cooling, b\it when it is treated with 
concentrated sulphuric acid at 100°, and the solution digested 

* Millikan, Zed, 'phyaikal. Chem , 1917, 92, 59. 

* Mourlot, Compt. rend,, 1898, 127, 408; Mullor, Centr. Min., 1900, 178. 

3 Mourelo, Compt. rend., 1897, 124, 1024, 1237,- 125, 775. 

" Ihd., 1897, 125, 1098; 1898, 126, 420, 904, 1508; 127, 229, 372; 1899, 
128, 557, 1239. See also Lcnard ami Klatt, Ann. Phys. Chem., 1880, 38, 90; 
Wacntig, Zeit. physikal. Chem,, 1905, 51, 435. 

® Bruckner, Zcit. Elektrochem., 1920, 26, 35. 
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with an excess of the salt at a somewhat higher temperature, the 
compound H2S04,SrS04 separates out as a granular crystal- 
line powder, which when exposed to moist air changes into small 
glittering tablets having the composition 112804, SrS04,H20. 

Strontium Nitrate^ Sr(N03)2, is obtained by dissolving the 
carbonate in warm dilute nitric acid. When the solution is 
evaporated down, the anhydrous salt separates out in trans- 
parent octahedra or in combinations of the octahedron and the 
cube. When a dilute solution is cooled down, the hydrate, 
Sr(N03)2,4H20, separates out in large, well-developed mono- 
clinic crystals which quickly effloresce on exposure to the air. 
One hundred parts of water dissolve, according to Mulder : 

At 10 ° 20 ^ 40^ 60° 80° 100° 107 0° 

8r(N03)2 51-9 70-8 91-3 94-0 97*2 lOM 102*9. 

The transition point for the tetrahydrate and the anhydrous 
salt is 31*3®. Strontium nitrate is insoluble in concentrated 
nitric acid, and only very slightly soluble in absolute alcohol; 
it possesses a cooling taste, and has a specific gravity of 2*962 
(Schroder). When thrown on to red-hot charcoal it deflagrates, 
burning with a red flame, and is on this account largely used 
for pyrotechnic purposes. 

The 7\itride,^ arsenide^^ yhosphde,^ and boride^ of strontium 
closely resemble the corresponding calcium compounds. 

Strontium Carbonate, SrCOg, occurs as strontianite in crystals 
which are isomorphous with those of aragonite. This com- 
pound is obtained in the form of a white impalpable powder 
having a specific gravity of 3*62, \vhen a strontium salt is pre- 
cipitated by an alkali carbonate. When gently ignited it loses 
all its carbon dioxide and is converted into strontia. In a 
current of carbon dioxide, it is converted into oxide at 1155°.^ 
One litre of w^ater dissolves 11*0 mgrms. of this salt at 18®.® It 
is less soluble in water containing ammonia, but dissolves 
considerably in a solution of ammonium chloride and of 
ammonium nitrate. When boiled with ammonium chloride it 
is converted into strontium chloride. 

^ Gautier, CompU rend , 1902, 134 , 1108. “ Lebeau, ibid, 1899, 129 , 47. 

3 Jaboin, thid., 1889, 129 , 762. « Moissan, tbid., 1897. 125 , 629. 

* Brill, ZetL amrg. Chem., 1905, 45, 275. 

Bineau, Ann, Chtm. Phys., 1887, [3], 51 , 290. Compare Kohlrausch and 
Rose, Zeit. physiknl. Chem., 1893, 12 , 241; Hollemann, 76 /d., 1893, 12 , 125. 
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Detection and EvStimation of Strontium. 

271 Strontium salts colour the flame a magnificent crimson. 
When examined by the spectroscope the spectrum is found to 
consist of numerous bright lines or bands due to the salts and 
oxide of the metal, of which eight are specially characteristic, six 
in the red, one in the orange, and one in the blue. The orange 
line, termed Sr a (6045 A.U.), the red, Sr and Sr 7, and the 
blue line, Sr B (4608 A.U.), are the most intense, and therefore 
the most valuable for the discrimination of this element.^ By 
means of spectrum analysis mgrm. of strontium 

chloride can be detected. H. Fox Talbot ^ was the first to 
describe the spectrum of strontium. He examined the spectrum 
of the red fire of theatres and distinguished many of the strontium 
lines, especially the blue line, Sr B (p. 158). In order to detect 
strontium the bead, either alone or moistened with hydrochloric 
acid, is brought into the flame. If strontium be supposed to be 
present as sulphate the bead is held for a few moments in the 
reducing portion of the flame, and then moistened with hydro- 
chloric acid in order to convert the strontium sulphide which is 
formed into strontium chloride. The strontium salts containing 
non-volatile acids are melted on a platinum wire with a small 
quantity of sodium carbonate. The fused bead is then reduced 
to a fine powder and dissolved in a little hot water, and the 
residue, which contains strontium carbonate, moistened with 
hydrochloric acid, and the chloride brought on a wire into the 
non-luminoiis flame. 

Strontium is separated from the alkali metals by precipita- 
tion with ammonium carbonate, and is usually estimated 
quantitatively as the sulphate by precipitating the solution 
with sulphuric acid in the presence of alcohol and washing 
the precipitate with a weaker alcohol. In order to separate it 
from calcium the mixed carbonates are converted into nitrates, 
and these are treated with absolute alcohol or amyl alcohol, ^ which 
leave the nitrate of strontium undissolved. 

Atomic Weight of Strontium , — The atomic weight of strontium 
was determined by Marignac^ from the amount of silver re- 
quired to precipitate a known weight of pure crystalUsed 
strontium chloride, and also from the amount of strontium 

^ 8ee Ricsenfeld and Wohlers, Rgr., 1(K)6, 39, 2628. 

* Brewster's Joum. of Science, 1826, 5 . 

* Browning, Amer, J, Set., 1892, 43, 60. * Annalen, 1868, 106 , 165. 
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sulphate formed from the chloride ; he thus obtained the 
numbers 86*64 and 86*76 respectively. Richards/ from the 
determination of the amount of silver required to preci- 
pitate a known quantity of pure strontium bromide and the 
quantity of silver bromide formed, obtained as the average 
of a number of consistent experiments the figure 87*663 (0 == 16). 
A later determination^ of the ratio of silver to strontium 
chloride gave the value 87*661. 

On the basis of Richards’ work, and after revision of the 
fundamental values,^ the figure 87*62 was taken as the atomic 
weight of strontium. In 1910, Thorpe and Francis ^ determined 
the ratios 2Ag : SrBpg, 2AgBr : SrBrg, 2Ag : SrClg, 2AgCl : SrClg, 
KSrBfg : SrS 04 , SrClg : SrS 04 , and arrived at a mean value of 
87*65. The figure at present (1922) adopted as the atomic 
weight of strontium is 87*63. 

BARIUM. Ba= 137*37. At. No. 56. 

272 Our knowledge of the barium compounds commences with 
that of the natural sulphate or heavy-spar. This substance 
was first examined in the year 1602 by a Bolognese shoe- 
maker, V. Casciorolus, who noticed that it possessed the remark- 
able property of becoming phosphorescent when ignited with 
carbonaceous matter. To this material the discoverer gave the 
name of lapis sohs, but it became better known as Bolognian or 
Bononian phosphorus, from the place in which it was first 
prepared, whence specimens of the shoe-maker’s handiwork 
found their way into the laboratories of the alchemists of the 
time. The mineral which yielded this phosphorus, termed 
Bolognian spar, was first believed to be a peculiar kind of 
gypsum, and hence it was termed gypsum spathosum. In 
consequence of its high specific gravity, Cronstedt termed 
it iwxrmcyr metallicum, and Marggraf in 1750, finding that it 
contained sulphuric acid, ranked it amongst what were then 
termed the heavy fluor-spars. The nature of this mineral 
remained for some time obscure, and the learned mineralogist 
V. Justi wrote in 1760 concerning it as follows : ‘‘ Our analysis 
has here reached its limits; we know of no smelting operation 
by which anything can be got out of this spar. Many profound 

^ Zfit anorg. Chpm., 189.5, 8, 253. 

2 Richards, 1905, 47, 145. 

® Proc, Chem. Soc., 1909, 25, 7. 

* Proc, Roy, Soc„ [.4], 1909-10, 83, 277. 
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chemists and skilful assayers have here tried their art in vain.” 
The next step in our knowledge of this subject was made in the 
year 1774, when Scheele, who was engaged in his investigation 
on the black oxide of manganese, examined a specimen of this 
mineral, which he found to contain a new earth, and this when 
brought in contact with sulphuric acid yielded a salt insoluble 
in water, which could be brought into a soluble condition by 
ignition with carbon and an alkali. Gahn afterwards showed 
that this earth was contained in heavy-spar, and Bergman gave 
it the name terra ponderosa, Guyton de Morveau in 1779 
proposed the name barote (from ^apv^, heavy), and this name, 
slightly altered to baryta by Lavoisier, was soon generally 
adopted. The suggestion that this earth was the oxide of a 
metal was frequently made, but the fact was not proved until 
after Davy’s discovery of the decomposition of the alkalis. 

Barium occurs in nature chiefly as the sulphate or heavy-spar, 
BaS04, which is often found together with galena and other 
metallic ores, though also found not associated with metallic 
veins. Another source of barium compounds, less widely distri- 
buted, is the carbonate or witherite, BaCOg, whilst other minerals 
containing barium are barytocelestine, (Ba,Sr,Ca)S04, baryto- 
calcite, BaCOgjCaCOg, alstonite, (Ba,Ca)S04, and psilomelanc 
(Mn,Ba)0,Mn02. Many other ores of manganese, especially 
manganese dioxide, contain small quantities of barium. Barium 
also occurs as an essential constituent of certain silicates ; thus, 
for instance, brewsterite, IT4(Sr,Ba)Al2Sig048,3H20, harmotome, 
H2(K2,Ba)Al2Si50i5,4H20, and hyalophane or baryta-felspar, 
(K2,Ba)2Al2Si8024. Many other felspathic rocks also contain 
traces of barium, and this element occurs likewise in several 
other minerals and in some soils. It is also found not in- 
frequently in the ash of trees. Traces are found in mineral 
waters and in sea-water. Thus, for instance, the old sulphur 
well at Harrogate contains 6*6 grains of barium chloride per 
gallon (Hayton Davis), ^ whilst an artesian well at Ilkeston,^ and 
the water of the Boston Spa,^ each contain about 40 parts 
of barium chloride per 100,000. From sea-water, barium finds 
its way into sea-plants, and in smaller quantities into the shells 
and skeletons of sea animals. 

Preparation of Metallic Barium, — Davy’s first attempts to 
obtain metallic barium by the electrolysis of baryta were not 

1 Thorpe, Phil Mag., 1876, [6], 2, 62. » White, Analyst, 1899, 24, 67. 

* Richards, ihtd., 1901, 26, 68. 
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very successful. Afterwards finding that this did not succeed 
he prepared it from an amalgam, having heard from Berzelius 
that he and Pontin had succeeded in obtaining it in that way. 
Davy repeated these experiments and electrolysed baryta, 
barium chloride, and other barium salts in presence of mercury, 
heating the amalgam which was thus formed in a tube contain- 
ing rock oil, when the barium was left behind as a silver-white 
powder. Bunsen ^ also prepared barium amalgam by the electro- 
lysis of barium chloride in presence of mercury, and attempted 
to obtain the pure metal by heating this. It has, however, 
been found that the metal prepared in this way is invariably 
impure, and cannot be obtained quite pure even by distillation.^ 
Small globules of impure barium were obtained by Matthiessen ^ 
by the electrolysis of fused barium chloride, but the metal was 
first prepared in a state of purity by Guntz,^ who employed the 
same method as for strontium (p. 613). Crude barium, obtained 
from the amalgam, is converted into the hydride, and this is 
melted in hydrogen and then heated to 1200° in vacuo. The 
barium volatilises, and is condensed on a polished steel tube. 
It can also be prepared by heating baryta with 10 per cent, 
of its weight of aluminium in vacuo at 1200° and redistilling 
in vacuo,^ by distilling a mixture of baryta and silicon in an 
exhausted steel tube,® or, better, by electrolysis of a fused 
mixture of potassium and barium chlorides using a high cathodic 
cm rent density.^ 

Barium is a silver-white metal, of sp. gr. 3*78, melts at about 
850°, and boils at about 1150°. It rapidly oxidises, some- 
times inflaming spontaneously in the air, and decomposes both 
water and alcohol. It combines readily with hydrogen and 
nitrogen when heated in these gases. 

1 Pogj. Ann., 1854, 91 , 619. 

* Guntz, Ann. Chun. Phys , 1905, [8], 4 , 6; [Stansficid, 3Ieni. Manch. Phil, 
Soc , 1901, 46 , No. 4. 

» Annahn, 1856, 93 , 277 . * Compt. rewl , 1905, 141 , 1240. 

‘ Guntz, ibid., 1906, 143 , 339. 

’ Alatignon, ibid., 1913, 166. 1378. 

’ Neumann and Bergoe, Zeit. Klekirochem , 1914, 30, 187. 
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COMPOUNDS OF BARIUM. 

Barium and Oxygen. 

273 Barium Siiboxide, BagO. — ^When baryta is heated to 
1100° with an atomic proportion of magnesium, half the mag- 
nesium distils off, leaving a dark-coloured residue, which is 
considered by Guntz ^ to be a mixture of barium suboxide and 
magnesia. It decomposes water, yielding an amount of hydrogen 
equivalent to half the barium in the original baryta, and absorbs 
both nitrogen and hydrogen. A similar dark-coloured mass is 
obtained by heating barium with baryta. 

Barium Monoxide or Baryta, BaO, is formed when the 
metal burns in the air, but is usually obtained by heating the 
nitrate in an iron crucible, until no further evolution of red 
fumes is observed. The mass fuses and is apt to froth over 
unless care be taken. Mohr has proposed to mix the nitrate 
with its own weight of sulphate of barium; this prevents the 
frothing, and for many purposes the presence of insoluble barium 
sulphate does not matter. If only a small quantity of baryta is 
required it is best obtained by igniting the iodate, which gives 
off its iodine and five-sixths of its oxygen without fusing or 
frothing : 

2 Ba(I 03)2 = 2BaO 2 I 2 + 5 O 2 . 

It is also prepared by heating barium carbonate to a white 
heat, the reaction proceeding more readily if this be mixed with 
one-tenth of its weight of lamp-black or wood-charcoal, carbon 
monoxide being then evolved : 

BaCOa -f C = BaO -f 2CO. 

The material thus obtained sometimes contains a small 
amount of barium cyanide. Baryta is thus obtained as a 
greyish- white porous mass, which has a specific gravity of 4*73 
(Karsten), 5*46 (Filhol), and melts at about 2,000°, crystallising 
on cooling in cubes, which have a specific gravity of 5*72. It 
combines with water with great evolution of heat forming the 
hydroxide, becoming incandescent if only sprinkled with water. 
It also unites with oxygen at a red heat, the oxygen being 
evolved on further heating, and it has therefore been used for 
the manufacture of oxygen (Vol. I., p. 246). 

^ Compt. rend., 1906 , 143 ) 339 . 
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Barium Hydroxide ^ Ba(OH)2, is formed as a white powder by 
the reaction just described. The hydroidde melts at a low red- 
heat, forming an oily liquid, which on cooling solidifies to a 
crystalline mass, and this does not give off water even when 
more strongly heated. It is prepared on the large scale from 
barium sulphide, which is heated in earthenware retorts, into 
which a current of moist carbon dioxide is passed. Superheated 
steam is then passed over the carbonate, when the following 
decomposition takes place : 

BaCOa + H 2 O = Ba(OH)2 + COg. 

It may also be prepared on the large scale by the electrolysis 
of a solution of barium hydrosulphide.^ It has a specific gravity 
of 4-495 (Filhol), and when brought into contact with water 
forms a crystalline hydrate, Ba(0H)2,8H20. This hydrate is 
soluble, and when a saturated solution is cooled it separates 
out in tetragonal prisms which are isomorphous with strontium 
hydroxide. On exposure to air these crystals fall to a white 
powder with loss of seven molecules of water, forming the mono- 
hydrate. They melt in their water of crystallisation at 77-9° 
(Richards and Churchill),^ 78'^ under 732 mm. pressure (Bauer) ; ® 
this solution boils at 103"^, and at 109® deposits rhombic crystals 
of the hydrate with 3H2O, which lose 2H2O over sulphuric acid 
(Bauer). A hydrate with IGHgO is also known. One hundred 
parts of water dissolve : 

At O'" 20^" 40° 60° 80° 

Ba(OH)2 1-65 3-9 8-3 21-0 101-5 parts. 

A solution of the hydroxide is termed baryta water, and is largely 
used in the processes of chemical analysis. It has a more 
strongly alkaline reaction than lime water, and rapidly absorbs 
carbon dioxide. It is employed, as has been stated in Vol. I., 
p. 607, for the estimation of the carbon dioxide contained in 
the atmosphere, for which purpose it must be free from hydroxides 
of the alkali metals. 

Barium Dioxide, Ba02. — ^When heated to redness in a current 
of dry oxygen, pure baryta absorbs the gas with rapidity, form- 
ing the dioxide (Gay-Lussac and Thenard) ; it is also formed by 
heating baryta and potassium chlorate to low redness (Liebig 

^ Brocket and Ransom, Conipt. rend., 1903, 136, 1258. 

* ZeiL phyatkal. Chem., 1898, 28, 313. 

® Zeit, anorg, Chem., 1905, 47, 401. 
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and Wohler). The hydroxide when heated to redness in a 
current of air also yields the dioxide (Boussingault). In Brin’s 
process for the manufacture of oxygen it is obtained as an 
intermediate product by heating pieces of baryta of the size 
of walnuts to 700° in steel retorts, and passing air through these 
under an additional pressure of 15 lb. per square inch. The 
product obtained by any of these methods is a greyish porous 
mass, and usually contains silica, lime, and also ferric oxide 
derived from the vessels in which it is prepared. To obtain 
it in the pure state it is treated in the manner already described 
under hydrogen peroxide (Vol. I., p. 338) ; then when dried at 
130° it forms an impalpable w^hite powder, which can hardly 
be distinguished from magnesia. It can readily be prepared 
on the small scale by adding hydrogen peroxide to a solution of 
baryta water. It fuses at a bright red-heat wdth loss of one 
atom of oxygen, and combines with water to form the hydrate 
BaOgjSIL^O, crystallising in microscopic hexagonal plates, which 
are only very slightly soluble in water. It also forms mono- 
and di-peroxyhydrates, BaOgjHgOg and Ba02, 211202.^ The 
dissociation pressure of barium peroxide is 760 mm. at 795° ; 
its decomposition is greatly facilitated by admixture with silica, 
and many other metallic and non-metallic oxides.^ 

Barium and Hydrogen. 

274 Barium Hydride, BaH2, is formed when barium 
amalgam is heated in an iron boat to 1400° in a current of 
hydrogen. It forms a grey, crystalline mass of sp. gr. 4*21, 
melts at about 1200° and is decomposed by water.® When 
heated in nitrogen, hydrogen is evolved and the nitride produced. 

Barium and the Halogens. 

275 Barium Chloride, BaClg, is most readily obtained by dis- 
solving wither ite in dilute hydrochloric acid. As, however, this 
mineral contains calcium, lead, iron, and manganese com- 
pounds, an excess of barium carbonate is added to the solution 
and the liquid allowed to remain in contact with it for some 

1 Ricsenfeld and Nottebohm, ZeiU an<yrg. Chem , 1914, 89 , 405. 

2 Hedvall, ihid., 1918, 104 , 163; Hedvall and Zweigl)ergk, ibuh, 1919, 
108 , 119. 

3 Cuntz, Comjd. rend, 1901, 132 , 963; (iautier, ihd , 1902, 134 , 
1108. 
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time. In this way the oxides of the above metals are pre- 
cipitated, while the rapidity of the precipitation can be increased 
by the addition of a small quantity of baryta water. The clear 
solution is then neutralised with hydrochloric acid and evapo- 
rated to the point of crystallisation. On the large scale the salt 
is easily prepared from heavy-spar. For this purpose 100 parts 
of the finely powdered mineral are mixed with from 35 to 50 
parts of carbon, from 15 to 25 parts of limestone, and from 40 
to 60 parts of calcium chloride. This mixture is heated in a 
reverberatory furnace, and the mass lixiviated with water, when 
insoluble calcium sulphide remains behind and the barium dis- 
solves as chloride. 

Barium chloride crystallises with 2 H 2 O in colourless rhombic 
tablets (Fig. 160), which do not undergo any alteration in the 
air and have a specific gravity of 3*097. 100 parts of water 

dissolve : 

At 10 ® 20® 30® 40® 50® 60® 70® 80® 90® IOC® 104*1® 

BaClj, 33*3 35*7 38*2 40*8 43*6 46*4 49*4 52*4 55*6 58*8 60*3. 



Barium chloride is less soluble in dilute hydrochloric acid than 
it is in water. It is almost insoluble in the concentrated acid, 
and also but slightly soluble in strong nitric acid, and for this 
reason these acids precipitate concentrated solutions of a barium 
salt. Absolute alcohol does not dissolve barium chloride, and 
addition of alcohol to its aqueous solutions precipitates the salt. 

Crystallised barium chloride loses its water at a temperature 
of 113°, forming the anhydrous salt as a white powder of 
sp. gr. 3*856, which melts at 960° (Ruff and Plato) and on 
cooling solidifies to a translucent mass. On exposure to the air 
the chloride in a state of fusion parts with a small quantity of 
chlorine, baryta being formed. Hence the fused salt usually 
has an alkaline reaction. When heated in a current of steam 
it emits hydrochloric acid at a temperature below its fusing 
point. Barium chloride has an unpleasant bitter taste and 
acts as a powerful poison. Its chief use is for the preparation 
of the artificial sulphate or pernmnent white. It has also been 
VOL IT. (l.) SS 
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successfully employed for the prevention of incrustation in 
steam boilers when permanently hard waters are used. All 
the gypsum contained in solution is decomposed by barium 
chloride, whilst any calcium carbonate present in solution may 
be subsequently precipitated by milk of lime. The water thus 
softened forms no incrustation. 

Barium Fluoride melts at 1280°, the bromide at 880°, and the 
iodide at 740° (Ruff and Plato). 

Subhalogen Salts of Barium. — Like calcium and strontium, 
barium appears to form a series of halogen salts in which it is 
monovalent. The subchloride, BaCl, is formed at the cathode 
by the action of barium on the chloride during the electrolysis 
of the latter, and decomposes water readily. A series of 
crystalline double salts with the halogen salts of sodium can 
be obtained by heating the barium halogen salts with metallic 
sodium. The compound BaCl,NaCl, prepared in this way, 
decomposes water, loses metallic sodium at 700° in vacuo, and 
when treated with mercury yields barium amalgam.^ 

Barium Chlorate, Ba(C103)2, is obtained by adding barium 
chloride to a solution of sodium chlorate, double decomposition 
taking place : 

2NaC103 + BaCl^ == Ba(C103)2 + 2NaCl. 

The solution on concentration deposits sodium chloride, which 
is fished out; the remaining solution is then evaporated and 
the barium chlorate purified by recrystallisation. It crystallises 
with one molecule of water in monoclinic prisms which readily 
dissolve in water and alcohol, the latter solution burning with a 
characteristic green flame. If a drop of sulphuric acid be 
brought on to a mixture of the salt and powdered sugar it 
takes fire and burns with a bright green flame, and if the chlorate 
in a state of fusion and strongly heated be plunged into an 
atmosphere of coal-gas, combustion also takes place, the oxygen 
of the chlorate combining with the carbon and hydrogen of the 
coal-gas. It is largely used for pyrotechnic purposes. 

Barium lodate, Ba(I03)2. — This salt is employed for the 
preparation of iodic acid. It is obtained as a white granular 
precipitate by adding potassium iodate to barium chloride 
(Vol. I., p. 368). Barium iodate dissolves in about 4500 parts 
of cold and 600 parts of boiling water. It also dissolves in 

^ Guntz, Compt. rend,, 1903, 136 , 749; Haber and Tolloczko, Zeit, anorg, 
Chem., 1904, 41 , 407. 
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hot nitric acid, from which solution it crystallises, on cooling, 
with one molecule of water in bright glittering monocUnic prisms ; 
these are isomorphous with those of the chlorate and are decom- 
posed by hydrochloric acid with evolution of iodine. 

Barium and Sulphur. 

276 Barium Monosulfhide^ BaS, is obtained when sulphuretted 
hydrogen is passed over heated baryta as long as water is formed. 
On the large scale it is prepared by roasting 20 parts of slack 
or pitch with 100 parts of heavy-spar. In order to assist the 
evolution of the carbon dioxide sawdust may be added to the 
mixture. It can be obtained crystalline ^ by fusing the amor- 
phous salt in the electric furnace, and then has the sp. gr. 4 * 3 . 
Barium sulphide decomposes in contact with water into barium 
hydroxide and barium hydrosulphide : 

2 BaS + 2II2O == Ba(Sn)2 + Ba(OH)2, 

but these combine to form an additive compound OH.Ba.SHjSHgO 
which is obtained in colourless transparent six-sided tables when 
the solution is allowed to evaporate in vacuo. Wlien these 
crystals are treated with a small quantity of water, barium 
hydrosulphide dissolves and barium hydroxide remains behind, 
but under no conditions can pure barium hydroxide be crystallised 
from a solution of the double salt.^ 

Barium Hydrosulphide, Ba(SH)2, is prepared by saturating 
water with barium hydroxide in an atmosphere of hydrogen at 
100°, and passing sulphuretted hydrogen free from oxygen 
through the solution heated to 60 — 70 ° for several days.^ It 
crystallises with 4H2O in aggregates of colourless, spear-shaped 
needles, which dissolve in water and lose sulphuretted hydrogen 
readily when heated, so long as water is also driven oflE, the 
sulphur then remaining only being given off at a red-heat. 

Barium Tetrasulphide, BaS4, is obtained by boiling aqueous 
solutions of the sulphide or hydrosulphide with sulphur, and 
forms red crystals, containing according to Schone IHgO, and 
according to Veley, 2H2O. It dissolves in water, forming a 
deep red solution. A barium trisulphide and pentasulphide have 
also been described, but their existence is doubtful. 

1 Mourlot, Compt rend , 1898, 126, 043. 

® Bruckner, ZeiL Elektrochem,, 1920, 28, 1. 

* Veley, Joum, Chem, Soc., 1886, 49 , 369. 
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Bonmian Phosphorus , — The Bononian phosphorus which has 
been already mentioned (Vol. I, p. 618) is best prepared by heating 
5 parts of precipitated barium sulphate together with 1 part of 
powdered charcoal over an ordinary gas flame for 30 minutes, 
and then igniting it more strongly over a gas blowpipe for ten 
minutes. Whilst hot the mass must be filled into glass tubes 
and the tubes sealed. After exposure to sunlight or to the 
light of burning magnesium wire this mass phosphoresces in the 
dark with a bright orange-coloured light. The pure sulphide, 
like pure sulphide of calcium and of strontium, does not exhibit 
phosphorescence, but does so in the presence of small quantities 
of many metallic salts.^ 

Barium Sulphate, BaS 04 , is by far the commonest and most 
widely distributed of the barium compounds, and occurs as heavy- 



Fio 161 Fiu 162 Fio 163 


spar, which crystallises in the rhombic system, Figs. 16L— 1G3. 
If anhydrous baryta be brought into contact with fuming 
sulphuric acid, or even with sulphuric acid which contains a small 
quantity of water, combination takes place with such rapidity 
that the mass becomes incandescent. On the other hand, pure 
sulphuric acid which has the exact composition H 2 SO 4 , does 
not act upon baryta, but if the mixture be touched in one place 
with a hot iron or with a moistened glass-rod, combination 
begins and is at once propagated throughout the mass (Kuhlman). 
Sulphuric acid and its salts precipitate the sulphate from a solu- 
tion of a soluble barium salt in the form of a crystalline powder. 
The pure mineral heavy-spar has a specific gravity of 4486 
(H. Rose), the precipitated salt at 4° having a specific gravity 
of 4*53 (Schroder). This salt is almost insoluble in water, 
1 Unard and Klatt, Ann, Phya,, 1904, [4], 15, 226, 426. 
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1 litre dissolving ^ only 0*0024 gram at 18*3^^. The solubility is 
greatly influenced by the size of the particles of the solid salt.^ 
It is somewhat more soluble in dilute acids and in the presence 
of many salts, e.jr., sodium thiosulphate. Barium sulphate is 
precipitated in a remarkable gelatinous form when dilute sulphuric 
acid is added to a solution of baryta in methyl alcohol, which 
when dried and heated forms hard masses resembling porcelain. 
A number of other salts of the alkaline earth metals can be 
obtained in a similar form.® If a salt of barium be heated with 
concentrated sulphuric acid, the sulphate dissolves to a certain 
extent and separates out on cooling in crystals having the com- 
position H 2 S 04 ,BaS 04 ; if the acid solution be exposed to moist 
air bright silky needles are formed having the composition 
H2S04,BaS04,2H20. 

The crude heavy-spar is prepared for use as a paint, either 
alone or along with white lead, by being finely ground, treated 
with sulphuric acid to remove salts of iron, washed and dried. 
Artificial barium sulphate is also manufactured on a large scale 
and is known as permanent white^ or blancJiccS. This preparation 
is largely used as a pigment and is much to be preferred for this 
purpose to the finely ground mineral, inasmuch as the latter, 
with its denser structure, is transparent and has but little 
“ body ” or covering power. In order to prevent the formation 
of finely divided crystals a solution of barium chloride having a 
specific gravity of 1*19 is precipitated in the cold with dilute 
sulphuric acid having a specific gravity of 1*245. The pre- 
cipitate is washed with cold water and sent to market in the 
moist state. In addition to its value as a paint, blanc fixe is 
largely used for giving weight to cards and paper. 

Barium Disulphate, BaS 207 . — If powdered barium sulphate is 
intimately mixed with fuming sulphuric acid it dissolves, form- 
ing a syrup, which on heating to 150° deposits the disulphate in 
glistening granular crystals; these do not melt on heating but 
decompose at a dull red heat. 

Barium Dithionate, BaS206,2H20. — This salt is prepared 
by decomposing the corresponding manganese salt with barium 
sulphide. On allowing the solution to evaporate in a warm 
place glittering rhombic crystals of the salt are deposited. It 
dissolves at 18° in 4*04, and at 100° in 1*1, parts of water. On 

^ Kilster, Zeit. anorg, Chem,, 1896, 12, 261. 

2 Hulett, Zeit. phystkal, Chcm.y 1901, 37, 398. 

3 Neuberg and Neimann, Biochem, Zeit,, 1906, 1, 166. 
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heating it is converted without change of form into barium 
sulphate. 

Barium Persulphafey BaSgOg, is obtained by the action of 
barium hydroxide on ammonium persulphate, and crystallises 
in monoclinic prisms which are readily soluble in water, but 
gradually decompose on keeping, with formation of barium 
sulphate. 


Barium and Nitrogen. 

277 Barium Nitride, Ba3N2, is obtained by passing nitrogen 
over barium or barium amalgam heated to redness, but is best 
prepared by heating barium amide at 430° in a vacuum.^ It 
forms a voluminous yellow powder, which volatilises slightly at 
1,000° without melting. It is decomposed by water with 
formation of ammonia and barium hydroxide, and yields barium 
cyanide when heated in a current of carbonic oxide.^ 

Barium Azoimide, Ba(N3)2, obtained from ammonium nitride 
solution by boiling with baryta, forms hard, lustrous crystals 
which explode at 217°. 

Barium Amide, Ba(NH2)2. — When ammonia is passed over 
cooled metallic barium a red mass and then a blue liquid is 
formed, which is regarded by Mentrel ® as a solution of barium 
ammonium, BajGNHg in ammonia, but is more probably ^ a 
solution of metallic barium in liquid ammonia (see p. 392). 
At 200° ammonia is decomposed by barium with formation of 
-the amide,^ which is a greyish-white mass and melts at 280°. 

Barium Nitrite, Ba(N02)2, can be readily prepared by bringing 
a mixture of 360 grams of sodium nitrite and 610 grams of 
barium chloride into a boiling solution of 360 grams of sodium 
nitrite, filtering from the sodium chloride which is precipitated, 
cooling and recrystallising. It crystallises with lllaO in prisms, 
and serves as a convenient source for the preparation of the 
nitrites of other metals.^ 

Barium Nitrate, Ba(N03)2. — This salt is prepared on the large 
scale either by decomposing the carbonate or sulphide by dilute 
nitric acid, or by mixing hot saturated solutions of sodium 

1 Ountz and Mentrel, Bull. Soc chim., 1903, [3], 29, 578. 

* ^laquenno, Compf. rend., 1892, 114, 25, 220. 

® Ibid., 1902, 136, 740. * Ruff and Geisel, Ber , 1900, 39, 828. 

® Witt and Ludwig, tbid., 1903, 36, 4384. See also Arndt, Zcit. anorg. 
Chem , 1901, 27, 341. 
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nitrate and barium chloride. On cooling, the larger portion of 
the barium nitrate crystallises out, and the remaining portion 
is obtained by evaporating the mother-liquors. Barium nitrate 
crystallises in combinations of the cube and octahedron, and in 
other more complicated forms of the regular system (Lewis). 
Its specific gravity is 3-2 ; it possesses an acrid taste and melts 
at a temperature of 593° (Carnelley). One hundred parts of 
water dissolve : 

At 0® 10® 20® 50® 80® 100® 102® 

Ba(N03)2 5-0 7-0 9*2 17-1 27*0 32*2 34-8. 

The salt is insoluble in concentrated nitric acid and in absolute 
alcohol, and dissolves only sparingly in these liquids diluted with 
water. Barium nitrate is largely used for pyrotechnic purposes, 
especially for the preparation of green fire, and for the manu- 
facture of an explosive powder known as saxifragin^ which con- 
sists of a mixture of 76 parts of nitrate of barium, 22 parts of 
carbon, and 2 parts of nitre. 

Bakium and Carbon. 

278 Barium Carbide, BaCg. — This substance is obtained by 
heating baryta with charcoal in an electric furnace, and closely 
resembles the corresponding calcium compound. Its behaviour 
on heating in nitrogen is, however, different from that of calcium, 
which forms calcium cyanamide. Barium carbide forms the 
cyanide : ^ 

BaC2 + N2=Ba(CN)o. 


Barium Carbmate, BaCOg. — Barium carbonate occurs in 
nature as witherite. This mineral was discovered at Leadhills 
in Scotland by Withering in the year 1783. It crystallises in 
rhombic prisms and pyramids, is isomorphous with aragonite, 
and is chiefly found in England, one of its most celebrated 
localities being Fallowfield in Northumberland. It occurs also 
in Silesia, Hungary, Styria, Russia, Chili, and other places. 
Alstonite, (Ba,Ca)C03, is isomorphous with witherite, and con- 
tains the two metals in varying proportions. Baryto-calcite, on 
the other hand, has the formula BaC03,CaC03, and crystallises 
in the monoclinic system. 

Artificial barium carbonate is a dense white powder of sp. gr. 

^ Erlwein, Zeit. Elektrochem., 1903, 9, 842. 
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4*276, obtained when a solution of chloride of barium is poured 
into an excess of a hot solution of ammonium carbonate. Barium 
carbonate appears to undergo a polymorphic change ^ at 811°, and 
does not melt below 1350° when heated in an atmosphere of 
carbon dioxide.^ When heated in the air a basic carbonate, 
BaOjBaCOg, appears to be formed, which melts below 980°. The 
dissociation pressure is 2*7 mm. of carbon dioxide at 1000° 
and 381 mm. at 1300°. 

One litre of water dissolves only about 0*02 gram of barium 
carbonate at 18°, but it is more readily soluble in water con- 
taining carbonic acid. The artificial salt is employed in chemical 
analysis, and powdered witherite in the preparation of other 
barium salts and as a rat bane. 

Barium Percarbonate, BaC04,® is prepared by passing carbon 
dioxide into cold water in which barium peroxide is suspended. 
It is insoluble in water, and in the dried condition slowly gives 
off oxygen, being converted into the carbonate. 

Silicates of Barium , — It has been already stated that many of 
these salts occur as crystalline minerals. Barium silicate is also 
a constituent of baryta-glass, a flint glass in which the lead has 
been replaced by barium (p. 591). 


Detection and Estimation of Barium. 

279 The non-luminous gas-flame is coloured a yedlowish- 
green tint when any volatile barium compound is brought into it. 
The barium compounds yield the most complicated of the spectra 
of the alkalis and alkaline earths. The spectrum is, however, at 
once distinguished by the green lines Baa and Ba/3, which are 
by far the most distinct, appearing the first and continuing 
during the whole of the experiment. Bay is not nearly so 
distinct, but is still a well-marked and characteristic line. As the 
spectrum of the barium compounds is more extended than the 
spectra of the compounds of the other metals, the reaction is 
not observed with so great a degree of delicacy, but it appears 
from Bunsen’s experiments that about ^ milligram of 

barium salt may be detected with the greatest certainty. The 
chloride, bromide, iodide, and fluoride of barium, as well as 
the hydroxide, the sulphate, and carbonate, show the reaction 

^ Boeke, ZeU. anorg, Chem., 1906, 50 , 1244. 

* Finkelstein, Ber,, 1906, 39 , 1685. * German Pat., 178019. 
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best. It may be obtained by simply heating any of these salts 
in the flame. Silicates containing barium which are decom- 
posed by hydrochloric acid give the reaction, if a drop of hydro- 
chloric acid is added to them before they are brought into the 
flame. Bar 3 rta-harmotome, treated in this way, gives the lines 
Caa and Ca/8, together with the bands Baa and Ba^S. Com- 
pounds of barium with fixed acids, giving no reaction either 
when alone or after addition of hydrochloric acid, should be 
fused with carbonate of sodium, as described under strontium, 
and the carbonate of barium thus obtained examined. If 
barium and strontium occur in small quantities together with 
large amounts of calcium, the carbonates obtained by fusion are 
dissolved in nitric acid and the dry salt extracted with alcohol ; 
the residue contains only barium and strontium, both of which 
can almost always be detected. To test for very small traces of 
strontium or barium, the residual nitrates are converted into 
chlorides by ignition with sal-ammoniac, and the chloride of 
strontium is extracted by alcohol. Unless one or more of 
the bodies to be detected is present in very small quantities, 
the methods of separation just described are quite unnecessary. 
The detection of these three metals by the spectroscope is much 
facihtated by the use of a special burner in which a spray of 
the solution of the salts to be examined is brought into the 
flame.^ 

Soluble barium salts are distinguished from those of stron- 
tium and calcium, inasmuch as they are immediately precipitated 
by a solution of calcium sulphate. The qualitative separation 
of barium from strontium and calcium is usually effected by the 
addition of potassium chromate to a solution of the mixed salts 
containing acetic acid, barium chromate being precipitated. 
Barium and strontium may be separated by treating the mixed 
chlorides with absolute alcohol, or preferably by the action of 
amyl alcohol on the mixed bromides, ^ the barium salt being 
almost insoluble in both solvents. For quantitative estimation 
barium is almost always weighed as the sulphate, but in some 
special cases as the carbonate. 

Atomic Weight of Barium , — The atomic weight of barium 
was determined by Marignac from the exact quantity of silver 
required to precipitate a known weight of crystallised barium 
chloride, and also from the weight of barium sulphate obtained 

^ Riesenfeld and Wohlers, Ber.^ 1906, 39, 2628. 

* Browning, Amer, J. Sci , 1893, 44 , 459. 
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from the same salt, the number obtained being 136’16. Bichards ^ 
subsequently redetermined the atomic weight by ascertaining 
the equivalent of both barium chloride and bromide to silver and 
silver chloride or bromide, and the results, which agree very 
closely, give the average number Ba 137‘37, which is now (1922) 
adopted. 

^ 7jeiU anorg. Chem,, 1892 , 3 , 441 ; 1893 , 6 , 89 . 



THE MAGNESIUM GROUP. 

280 The elements of this sub-group differ from the metals of 
the alkaline earths more especially in the properties of the metals 
themselves, which are much more readily obtained in the free 
state and only undergo at most a slight superficial oxidation 
in the air at the ordinary temperature. At higher tempera- 
tures they combine with oxygen, forming the oxide correspond- 
ing to the divalent series of salts, and magnesium and zinc 
slowly decompose water at the boiling point. They are colour- 
less and ductile metals, the melting and boiling points of which 
fall with increasing atomic weight, mercury being a liquid at 
the ordinary temperature, whilst it solidifies at a low tempera- 
ture to a malleable solid. Most of the salts closely resemble the 
corresponding salts of the alkaline earth metals, except that 
they exhibit a greater tendency to form basic salts, and that 
tlie sulphates are readily soluble in water, and yield crystalline 
double salts. Mercuric sulphate forms an exception, as it is 
converted by water into an insoluble basic salt and a soluble 
acid salt, and mercury also differs from the other metals inas- 
much as it forms a series of stable salts in which each atom of 
the metal replaces only one atom of hydrogen, in addition to the 
series common to all the members of the group, in which the 
metal is divalent. Some of the magnesium, zinc, and cadmium 
compounds combine with ammonia forming derivatives analogous 
to the ammoniacal copper compounds, mercury, in particular, 
yielding a large series of such derivatives. 

GLUCINUM. G1 = 9-i. At. No. 4 . 

281 Vauquelin in 1798 was the first to detect the existence of 
the oxide of this metal in beryl, this mineral having formerly 
been regarded as a compound of silica with lime or alumina. 
The earth contained in beryl was shown by Vauquelin to be 
a distinct body, differing from both lime and alumina, inas- 
much as it formed a soluble sulphate which was incapable of 
uniting with potassium sulphate to form an alum. Hauy had 

636 
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previously observed that emerald was mineralogically identical 
with beryl, and on examining the former mineral Vauquelin 
foimd that it likewise contained the new earth. He did not 
give any special name to this new earth, but the editors of the 
Annales de Chimie gave it the name of glucina from yXvfcv^ 
sweet, because its salts possessed a peculiar sweet taste. As, 
however, there are other salts which possess the same property, 
the name beryllia, derived from the mineral, was given to it by 
the German chemists. The metal has likewise received two 
names, glucinum and beryllium, the former of which is to be 
preferred on historical grounds and is adopted here, although 
the latter is still employed by chemists in Germany. 

Glucinum occurs in many minerals, especially in beryl, 
GlgAlgSigOjg = 3G10,Al203,6Si02, crystallising in hexagonal 
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prisms, Figs. 164 — 166 (Class 27, p. 209), which usually have a 
green colour, colourless beryl being seldom met with. The 
transparent green-coloured varieties of beryl are known as 
emerald, those possessing a bluish-green tint being termed 
aquamarine; the green colour of emerald is probably due to 
traces of chromium. Beryl occurs also of a blue, yellow, grey, 
and rose-red tint. When the mineral is transparent it is termed 
precious beryl : when translucent or opaque it is known as com- 
mon beryl. Glucinum also occurs in leiicophane, NaCaGlF(Si03)2 ; 
in phenacite, Gl2Si04; euclase, H20,2G10, Al203,2Si02 ; and 
chrysoberyl, G10,Al203, as well as in other minerals. 

Metallic Glucinum was first obtained by Wohler in the year 
1828 by fusing the chloride with potassium. Prepared in this 
way glucinum is a dark-grey powder, which under the burnisher 
assumes a bright metallic lustre.^ 

Debray first obtained the metal in a coherent state by placing 
^ Ann. Chim. Phys , 1855 [3], 44, 5. 
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in a glass tube two or more boats made of a mixture of clay 
and lime, the first containing glucinum chloride and the others 
metallic sodium. The air having been replaced by dry hydrogen, 
the boats were heated, by which means the glucinum chloride 
was vaporised and then reduced by the melted sodium. Later, 
Nilson and Pettersson^ prepared it by heating potassium 
glucinum fluoride with the calculated quantity of sodium in a 
steel crucible. Glucinum can also be prepared by the electrolysis 
of a fused mixture of the chloride with sodium chloride and 
ammonium chloride,^ or of the fused double fluorides, GlF 2 , 2 NaF, 
or GlFgjNaF, the pure halogen salts offering too great a resistance 
to the current.^ The metal has a specific gravity of 1*842,^ 
and a specific heat of 0*4246 (Nilson and Pettersson), giving an 
atomic heat of 3*9 (see p. 19). It is a hard metal, possesses a 
bright silver-white colour,^ melts at 1278° ± 5° ® and when 
heated before the blowpipe becomes covered with a film of 
oxide which prevents further oxidation. In the finely powdered 
state, on the other hand, it takes fire when heated in the air 
and burns with great brilliancy. The powdered metal dissolves 
in dilute acids; the compact form is readily soluble in dilute 
hydrochloric acid, but dilute sulphuric acid dissolves it only when 
warm, whilst concentrated nitric acid does not attack it in the 
cold, and on heating does so only slowly. The metal does not 
decompose water even at a red heat (Debray). Ammonia does 
not act either on the powder or on the compact metal, but both 
forms dissolve readily in caustic potash with evolution of 
hydrogen. 


GLUCINUM COMPOUNDS. 

Glucinum and Oxygen. 

282 Glucinum Oxide, Glucina, or Beryllia, BeO. — To obtain 
this earth from beryl the latter is fused with twice its weight of 
potassium carbonate and the melt treated with sulphuric acid; 
the excess of acid is evaporated off, water added, the silica 

^ Ann, Phya. Chem., 1878, 4 , 654. 

* Borchors, Journ, Chem. Soc., 1896, 70, ii., 621. 

* Lebeau, CompL rend,, 1898, 126 , 744. Compare Warren, Chem, News, 
1895, 72 , 310. 

* Fichter and Gablczynski, Ber,, 1913, 46 , 1604. 

® Compare on this point Kahlbaum and Sturm, Zeit, anorg, Chem,, 1905, 
46 , 237. 

« Oesterheld, th%d„ 1916, 97. 1. 
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removed by filtration and the solution concentrated. Almost 
the whole of the aluminium separates out on cooling as alum, 
and the mother-liquor then contains chiefly the sulphates of 
glucinum and iron with small quantities of alum. To separate 
the glucinum, advantage is taken of the solubility of glucinum 
hydroxide and carbonate in an excess of ammonium carbonate 
solution, the iron and alumina being left for the most part im- 
dissolved. In carrying out the separation the mother-liquor is 
poured into a concentrated solution of ammonium carbonate, 
the liquid allowed to stand for several days, and the precipitated 
iron and aliuninium salts filtered off. The filtrate on boiling 
deposits a basic glucinum carbonate together with a little ferric 
hydroxide.^ 

To prepare pure glucina from this precipitate, it is redis- 
solved in ammonium carbonate solution, and a strong current 
of steam blown through the liquid, which precipitates the 
glucina; this process is repeated several times, and the final 
precipitate is dissolved in hydrochloric acid, precipitated with 
ammonia, washed, and dried.^ According to Kriiss ® it then 
still contains a small quantity of impurity, which is removed by 
redissolving in ammonium carbonate solution, adding a little 
ammonium sulphide, and allowing it to stand for several days. 
A slight black precipitate is formed, and the filtered solution 
yields pure glucina. 

A more convenient method ^ consists in heating powdered 
beryl with twice its weight of sodium silicofluoride at 850° for 
30 — 40 minutes. Aluminium and glucinum fluorides are formed 
and combine with the excess of sodium fluoride, and on extrac- 
tion with hot water sodium glucinum fluoride dissolves with but 
little alumina and silica. Addition of caustic soda precipitates 
the hydroxides, which are collected, washed, and dissolved in 
sulphuric acid. On concentrating the solution about 90 per 
cent, of the glucinum originally present in the beryl crystallises 
as the sulphate. 

According to Gibson the best method of preparing glucina 
from beryl is as follows : — Coarsely powdered beryl is heated 
with 6 parts of ammonium hydrogen fluoride for 10 — 12 hours 
at a heat not exceeding dull redness. The aluminium is thus 
almost completely converted into insoluble aluminium fluoride, 

1 Joy, Avmr. J. 8ci.^ 1803, [2], 6, 83. 

* Humpidge, Proc. Poy. /Soc., 1886, 39, 1. * Pfr., 1890, 23, 727. 

^ Copaux, Compt. rend., 1919, 168, 610. 
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and the residue on treatment with water yields a solution con- 
taining chiefly glucinum and iron fluorides. This is evaporated 
to dryness, and heated with strong sulphuric acid until the 
ferric sulphate formed commences to decompose, fluorine and 
silicon being thus completely removed. The solution obtained 
on adding water is boiled with nitric acid to oxidise the iron to 
the ferric state, and the filtered liquid poured into an excess of 
concentrated ammonium carbonate solution. The bulk of the 
iron separates on addition of an equal volume of hot water, and 
the filtrate is then mixed with an excess of mercuric chloride 
and precipitated with ammonium sulphide, the whole of the 
iron coming down together with the mercuric sulphide, whereas 
it is only partially precipitated if no mercuric chloride be first 
added. The filtered solution is boiled to precipitate the basic 
glucinum carbonate, which on ignition yields pure glucina, any 
traces of ammonium and mercury salts being volatilised with 
the carbon dioxide.^ 

To prepare glucina from leucophane, the latter, after separa- 
tion from admixed tourmaline, is heated with sulphuric acid to 
remove fluorine, the excess of acid boiled off, the residue boiled 
with water, and the filtered extract added to an excess of 
ammonium carbonate solution. After ten days the solution is 
filtered, the filtrate boiled, and the precipitated crude basic 
glucinum carbonate treated in the manner already described.^ 

A method for the extraction of glucina from gadolinite has 
also been described.® 

Glucina is a white amorphous powder having a specific 
gravity of 3-016, which when heated to the highest temperature 
of a wind furnace assumes the form of microscopic prisms 
resembling corundum (Rose). It may be easily obtained in this 
form by the ignition of a mixture of glucinum and potassium 
sulphates (Debray), and when fused in the electric arc forms 
a crystalline mass,^ harder than ruby, which has the specific 
gravity 3-025. It is insoluble in water, and only dissolves in 
dilute acids when it has not been strongly ignited. Concen- 
trated boiling sulphuric acid dissolves it easily, and if it be 
fused with an alkali, and the cold mass treated with water, the 
glucina goes into solution. 

^ Journ, Chem. Soc., 1893, 63, 909. Compare Lebeau, Compt, rend., 1895, 
121, 641 ; Pollok, Journ, Chem. Soc., 1904, 85, 603. 

2 Kruss and Moraht, Ber., 1890, 23, 727. 

® James and Perley, J. Amer» Chem, Soc.^ 1916, 38, 875. 

* Lebeau, Compt, rend., 1896, 123, 818. 
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Gludnum Hydrodde^ G^OH),. — This is thrown down as a 
gelatinous precipitate when a glucinuni salt is precipitated with 
ammonia. This precipitate is soluble in acids, caustic alkalis, 
and alkali carbonates, but when heated with water or dilute 
ammonia, or when preserved dry, it gradually becomes much less 
soluble.^ On drying it forms a voluminous white powder, which 
is converted into the oxide by ignition. 


Salts of Glucinum. 

283 Glucinum Chloride, GlClg, is obtained in the form of 
snow-white needle-shaped crystals when a mixture of the oxide 
and sugar charcoal is ignited in a current of dry chlorine or 
hydrochloric acid gas. It melts at 440° (Lebeau) and boils at 
about 520° (Nilson and Pettersson), and the specific gravity of 
its vapour 2 is 2*72, corresponding to the formula GlClg. In 
moist air it fumes as phosphorus pentachloride does. It is 
deliquescent, and dissolves in water with evolution of heat, the 
solution having an acid reaction, owing to hydrolysis. When 
the aqueous solution is allowed to evaporate over sulphuric acid, 
colourless crystals of the hydrated chloride, GlCl 2 , 4 H 20 , separate 
out. A basic chloride is obtained by evaporating the solution 
to dryness. Glucinum chloride forms double salts with iodine 
trichloride,^ platinum chloride, tin chloride, and mercuric 
chloride. Several basic chlorides have also been described; 
they are, however, not well defined. 

The iodide, Gllg, melts at about 510°, and its vapour burns in 
the air when strongly heated. The bromide, GlBrg, sublimes with- 
out melting at 450°. The fluoride, GlFg, melts at about 800°, 
and is converted by oxygen into the oxyfluoride.'* 

Sulphales of Glucinum , — The normal salt, G 1 S 04 , 4 H 20 , crystal- 
lises from a hot saturated solution in tetragonal pyramids 
which dissolve at the ordinary temperature in their own weight 
of water, possess a sweet taste, and eflloresce on exposure to the 
air. When heated they first melt in their water of crystallisa- 
tion, leaving the anhydrous salt on further heating, which 

‘ Hahn and van Ooidt, Zeit. anorg, Chtm,, 1904, 38 , 377 ; van Oordt, German 
PaUnt, 166488 (19/12/03). 

* Humpidge, Proc, Boy, 80 c., 1886, 38 , 188; Nilson and Pettersson, Ber., 
1884, 17, 987. 

® Weinland and Schlegelmilch, Zeit, anorg. Chem., 1902, 30 , 134. 

* Lebeau, Compt, rend,, 1898, 186, 1272, 1418. 



SALTS OF GLUCINUM 


641 


decomposes at a red-heat, glucina remaining behind. In 
contact with a saturated solution this hydrate passes at about 
112® into the dihydrate, which is stable in dry air and melts at 
158®, yielding the monohydrate, which loses all its water at 
220®; a hexahydrate also exists.^ The sulphate does not form 
mixed crystals with the sulphates of copper, nickel, iron, etc., 
and differs in this respect from the sulphates of the magnesium 
group of metals.2 

Glucinum readily forms basic sulphates, which are obtained 
by boiling the normal sulphate with glucinum carbonate or 
hydroxide; they form gelatinous or gum-like masses, and are 
probably not definite compounds, but solid solutions of the 
hydroxide and sulphate. 

Glucinum Nitrate^ G1(N03)2,3H20, crystallises with difficulty. 
It is extremely deliquescent, and is easily soluble in alcohol. 
When heated for twenty hours on the water-bath a thick mass 
of the basic salt, G1(0H)N03,H20, is obtained, which is readily 
soluble in water. On heating to 200® the oxide is produced. 

Triglucinum Orthophosphate, Gl3P208,6H20, is precipitated 
by the action of disodium phosphate on glucinum salts in aqueous 
solution in presence of acetic acid and monoglucinum ortho- 
phosphate is obtained in hygroscopic leaflets by the action of 
phosphoric acid on glucinum hydroxide. Other phosphates, and 
the phosphite and hypophosphite are known.® 

Glucinum Carbide, GlCg, is obtained by heating glucina with 
sugar charcoal, and a little oil, to a very high temperature in 
the electric furnace. It forms transparent yellowish-brown 
microscopic crystals, which are slowly decomposed by water and 
dilute acids with evolution of pure methane.^ 

Glucinum Borocarbide, C4B3GI6, is produced when glucina is 
heated with boron in a carbon boat in the electric furnace. It 
forms a hard crystalline mass, which is not attacked by water, 
and is only superficially oxidised when heated in oxygen.® 

Carbonates of Glucinum- -The normal carbonate, G1C03,4H20, 
is obtained by passing carbon dioxide for a considerable time 
through water containing basic carbonate of glucinum in 
suspension. The solution is allowed to evaporate over sul- 

^ T^vi-Malvano, Zeit. anorg. Chem,, 1906, 48, 446; Parsons, J, Amer. Chem, 
Hoc,, 1904, 26, 1433. 

® Retgcra, Zeit, phi/sikal, Chem,, 1896, 20, 481. ^ 

* Bloyer and Mullor, Zeit, anorg. Chem , 1912, 79, 263. 

* Lebeau, Conipt. rend., 1895, 121, 496; Henry, tbid., 600. 

s Lebeau, tbid„ 1898, 126, 1347. 
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phuric acid in an atmosphere of carbon dioxide. Crystals are 
then formed which readily decompose with evolution of carbon 
dioxide. 

When a solution of a glucinum salt is added to an alkali 
carbonate, or when a solution of the oxide in ammonium car- 
bonate is boiled, a basic carbonate of varying composition 
separates out as a white powder. 

Detection and Estimation op Glucinum. 

284 The salts of this metal do not impart any tint to the non- 
luminous gas-flame. The glucinum spark spectrum contains 
two characteristic bright lines in the blue, having a wave-length 
of 4573 and 4489 (Kirchhoff and Thalen). These lines are, 
however, not seen when the chloride is volatilised in the electric 
arc (Bunsen). 

Glucinum may be readily separated from all other metals by 
the fact that its oxide is soluble in ammonium carbonate solu- 
tion. In the process of analysis it is precipitated together with 
alumina, and it may be separated from this earth by treatment 
with ammonium carbonate. For quantitative estimation and 
for separation from alumina and ferric oxide the method pro- 
posed by Joy may be employed. The precipitate is treated 
with ammonium carbonate, the filtrate boiled, and the pre- 
cipitated basic carbonate of glucinum converted by ignition 
into the oxide, which is weighed. The metal can also be 
separated from aluminium by boihng the neutral solution with 
sodium thiosulphate, which precipitates aluminium hydroxide.^ 

Another method depends on the fact that basic glucinum 
acetate readily sublimes at 160 — 170° at 19 mm., whilst basic 
acetates of iron and aluminium are non-volatile.^ 

Glucinum can be quantitatively precipitated as hydroxide by 
ammonia or by a boiling solution of iodate and iodide of 
potassium (Glassmann). 

The Atomic Weight of glucinum has been determined by 
Nilson and Pettersson ® by analysis of the sulphate, and found 
to be 9*04, whilst Kriiss and Moraht^ by the same method 
found it to be 8-99. Parsons,® by the analysis of certain organic 

^ (ilassmann, Ber., ]906» 39 , 3366. 

2 Kling and Celin, Bull, Soc, chim,, 1914, [4J, 16 , 205. 

» Ber,y 1880, 13 , 1461. 

« lhid„ 1890, 23 , 2666. 

‘ «/. Amer, Chem. Soc., 1904, 26 , 721 ; Zeit, anorg, Chem., 1906, 46 , 216. 
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derivatives, the acetylacetonate and the basic acetate, has 
obtained the number 9*1 (0 == 16), which is now (1922) adopted 
as the most probable value. 

MAGNESIUM. Mg=24-32. At. No. I2. 

285 Nehemiah Grew, a London physician living in the seven- 
teenth century and for some time secretary of the Royal Society, 
published in the year 1695 an account of a peculiar salt found 
in the well-known mineral spring at Epsom under the title “ De 
salis carihartici in aqnis Ebshamensibus et alius contenti natura 
et usu,'* The medicinal value of this salt soon afterwards 
became widely celebrated, and the salt was known in England 
as Epsom-salts, and on the continent as English-salt. The 
presence of the same substance was soon afterwards detected in 
other English mineral springs, and George and Francis Moult in 
the year 1700 established a large manufactory of the salt near 
London, obtaining it from a spring at Shooter’s Hill. In 1710 
Hoy discovered that the same salt could be obtained by crystal- 
lisation from the mother-liquors of sea-water after addition of 
green vitriol (ferrous sulphate). The same salt was subsequently 
shown by Fr. Hoffmann to exist in the Seidlitz mineral water. 
Another compound of magnesium having medicinal value was 
also discovered at the beginning of the eighteenth century by 
a Roman ecclesiastic, and termed by him magnesia alba. Why 
this name was given to it in contrast to magnesia nigra — as 
black oxide of manganese was then called — ^is not known. The 
mode of preparation of this substance was for some years kept 
secret, until in the year 1707 Valentini, of Giessen, pointed out 
that magnesia alba could be obtained by boiling down the mother- 
liquors from the preparation of nitre and igniting the residual 
products. Shortly afterwards, in 1709, Slevogt, of Jena, pre- 
pared the same substance by the precipitation of saltpetre 
mother-liquors with a fixed alkali. The substance thus obtained 
was a mixture of calcium carbonate and magnesium carbonate 
in varying proportions; hence its medicinal action was very 
variable, and a satisfactory discrimination between lime and 
magnesia was rendered more difficult. The distinction between 
these two earths was first clearly pointed out by Black in the 
year 1755. He showed that white magnesia was a compound of 
fixed air with a peculiar earth, which differed from lime in 
yielding a soluble sulphate. The properties of the new earth 
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were subsequently more completely investigated by Bergman in 
1775, but Black retained for it the name of magnesia. When 
Davy proved that this earth was the oxide of a metal, the name 
of magnium was given by him to this metal, the name mag- 
nesium or manganesium being at that time used to designate 
the metal contained in pyrolusite. This confusion was termi- 
nated by the general adoption of the name magnesium for the 
metal contained in magnesia alba, and of manganese for that 
contained in pyrolusite. 

Magnesium is a metal widely distributed in nature. It is 
found as magnesite, MgCOg; dolomite, MgCa(C03)2; kieserite, 
MgS04,H20; epsomitc, MgS04,7H20; kainite, MgS04,K2S04, 
MgCl2,6H20; carnallite, MgClgjKCljGHgO ; spinel, Mg0,Al203; 
asbestos, CaMg3(Si03)4 ; talc, H2Mg3(Si03)4 ; meerschaum, 
H2Mg2(Si03)3,H20, and as the chief constituent of many silicates, 
such as augite, olivine, tourmaline, and serpentine, while it is 
contained in smaller quantities in most of the other silicates. 

Magnesium sulphate, MgS04, is a chief constituent of certain 
saUne springs, whilst the chloride, MgCl2, occurs in salterns and 
in sea-water. Magnesium is also found in the animal and 
vegetable worlds. The bones of animals and the seeds of the 
cereals contain small quantities of magnesium phosphate, and 
ammonium magnesium phosphate separates out from urine 
on standing, thus giving rise to many urinary deposits as well 
as to gravel and stone. The same salt hkewise occurs in 
guano. 

286 Prejparation of Metallic Magnesium . — ^Davy was the first to 
prepare metallic magnesium, but he did not obtain it in the 
pure state. It was first obtained as a coherent metal by 
Bussy,^ who fused the anhydrous chloride of magnesium with 
potassium. Bimsen afterwards obtained it by the electrolysis 
of magnesium chloride, which for this purpose was fused in 
a porcelain crucible ^ (Fig. 167) ; the carbon of the negative pole 
was cut so as to form pockets, as shown in Fig. 168, inside which 
the metal was deposited : unless this precaution was taken, the 
metal, being lighter than the fused chloride, rose to the surface 
and burned. As it is difficult to prepare the pure chloride, 
Matthiessen employed a mixture of the chlorides of potassium 
and magnesium in the ratio of 3 molecules of potassium chloride 
to 4 of magnesium chloride.® 

‘ Joumale de Chimie Medicate Ann., 1830, 141. 

* Annakn, 1862, 82, 137. * dourn. Chem. Soe., 1860. 8, 107. 
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The manufacture of magnesium on the large scale was first 
effected by Sonstadt and Mellor. The process employed was 
essentially that of Caron and Deville,^ which consisted in heating 
together magnesium chloride, fluor-spar, and sodium. Wohler 
suggested the use of the fused double chloride of magnesium 
and sodium instead of anhydrous magnesium chloride, whilst 
Sonstadt introduced the use of fused carnallite. Aji important 
improvement was the distillation of the crude metal, as this 
usually contains carbon, silicon, and nitrogen. The fact that 
magnesium can be readily distilled was indeed discovered by 
Deville and Caron, but first technically employed by Sonstadt. 
For this purpose the crude magnesium was placed in an iron 
crucible having an iron tube passing through from the bottom to 
within an inch of the lid. The crucible was filled with the crude 



Fig 167. Fig 168. 


metal to the level of the mouth of the tube, the lid carefully 
screwed and luted down, and the air displaced by a current of 
hydrogen or coal-gas. As the crucible became heated the 
magnesium distilled over, passing through the upright tube into 
a box placed below, where, on the completion of the operation, 
it was found in the form of a coherent mass which was subse- 
quently melted and cast into ingots or any other form that might 
be required. 

Magnesium is now mainly manufactured by the electrolysis 
of fused carnallite, which gives up its water of crystallisation 
and forms a clear fluid below 700° C. The electrolysis is con- 
ducted in a closed electric furnace, and a current of coal-gas 
or hydrogen is passed through during the process to remove 
all oxygen and to carry off the chlorine which is evolved, and 
thus prevent its action on the metallic magnesium which is set 
free and floats on the surface of the fused electrolyte* A current 

» Ann. Chxm. Phys., 1863 , [ 3 ], 67 , 347 . 
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density of 0'16 ampere per square centimetre of cathode area 
is required. The metal is usually pressed when in a semi-fluid 
state into wire of varying thickness and of any required length ; 
this is afterwards flattened into ribbon, in which form it usually 
occurs in commerce. It is also marketed in ingot form for 
alloying purposes. 

The magnesium industry is quite small, although the increased 
use of magnalium ’’ alloys has given it an impetus. These 
alloys ^ consist of aluminium and magnesium. As now manu- 
factured they seldom contain more than 2 per cent, of 
magnesium and generally contain small quantities of copper or 
nickel. They have been used instead of brass for the manu- 
facture of scientific instruments. 

287 Properties , — Magnesium is a brilliant white metal, which 
melts at 650°, and boils at about 1100°. It has a specific gravity 
of 1*75, and a granular crystalline fracture, and is sometimes 
obtained in hexagonal crystals isomorphous with those of 
cadmmm and zinc. It preserves its lustre in dry air, but in moist 
air becomes covered with a film of oxide ; when a piece of ribbon 
is held in the flame of a candle it burns with an intensely white 
light, forming a mixture of magnesia and magnesium nitride. 
The heated metal readily decomposes steam, hydrogen being 
evolved and magnesia produced. Magnesium also burns readily 
in carbon dioxide, carbon being deposited. It dissolves easily 
in dilute acids, and begins to decompose concentrated sulphuric 
acid at 215°.^ It is not acted on by alkalis. When the metal 
is brought into a solution of one of its salts, it slowly dissolves, 
hydrogen being evolved and the hydroxide or a basic salt being 
produced.^ It brings about a similar decomposition in many 
other salt solutions, producing for example in a solution of copper 
sulphate a precipitate of copper and cuprous oxide, and an 
evolution of hydrogen.'* Alloys of magnesium and lead con- 
taining from 5 — 50 per cent, of magnesium are very reactive and 
readily absorb the whole of the oxygen from moist air ; the two 

^ Eng, and Min. Journal, 1899, 68 , 664. 

^ Adie, Proc. Chem. 80 c., 1899, 133. 

3 Kippenberger, Chem. Zeit., 1895, 19 , 269; Vitali, VOrosi, 1895, 18 , 289; 
Ijemoine, C<myl. rmd , 1899, 129 , 291; Bryant, Chem. News, 1899, 79 , 75; 
Kahlenbcrg, J. Amer. Chem, Soc., 1903, 25 , 380; Roberts and Brown, ibid., 
801. 

* Commailie, CompL rend., 1866, 63 , 556; Clowes and Caven, Proc. Chem. 
Soc , 1897, 13 , 221 ; Divers, ibid., 1898, 14 , 67 ; Tommasi, Bull. Soc. chim., 
1899, [3], 21 , 885. 
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metals form a compound, MggPb, which is the most active alloy 
of the series.^ 

Magnesium has been obtained by the electrical method (p. 82) 
in the form of an olive-green, unstable colloidal solution in ether.^ 

The light from burning magnesium wire is rich in chemically 
active rays, so that it is possible to photograph by means of it. 
Bunsen and Eoscoe have determined the actinic value of this 
light compared with that of the sun.® They showed that a 
burning surface of magnesium wire, which seen from a point at 
sea level has an apparent magnitude equal to that of the sun, 
effects, at that point, the same chemical action as the sun would 
do if shining from a cloudless sky at the height of 9"^ 53' above 
the horizon. On comparing the visible brightness of these two 
sources of light it was found that the brightness of the sun’s 
disc as measured by the eye is 524*7 times as great as that of 
burning magnesium when the sun’s zenith-distance is 67° 22', 
whilst at the same zenith-distance the sun’s chemical brightness 
was only 36*6 times as great. Hence the value of this light as a 
source of chemically active rays for photographic purposes 
becomes at once apparent. The light from burning magnesium 
has been employed for signalling, and for military and naval 
purposes, and it is especially employed in pyrotechny. Mag- 
nesium powder mixed with an oxidising agent, such as potassium 
chlorate or a peroxide, is much used for the production of flash- 
lights for photographic purposes. 

Metallic magnesium combines with nitrogen on heating, 
forming the nitride, and has been used for the separation of the 
argon group of gases from atmospheric nitrogen ; it is also made 
use of in chemical analysis, and in toxicological investigations, 
where, as it is perfectly free from arsenic, it may be used with 
advantage in Marsh’s apparatus instead of zinc. It may be 
used also in the estimation of nitrates and nitrites in drinking 
water, and in other cases, as a reducing agent. In the form of 
powder it reduces most metals from their oxides when heated 
with the latter, and is used for the preparation of several elements 
such as silicon and boron.^ It is also added as a deoxidiser to 
molten nickel before casting. 

^ Ashci’oft, Trans, Faraday Soc,, 1919, 14, 271. 

2 Svedberg, Ber., 1906, 38, 3616. 

2 Phil Trans,, 1869, 149, 920. 

« Winkler, Ber„ 1890, 23, 44, 120. 
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MAGNESIUM COMPOUNDS. 

Magnesium and Oxygen. 

288 The only stable oxide of magnesium is the monoxide, 
MgO, with which correspond the salts of the metal. The per- 
oxide, MgOg, has not been obtained pure, and the existence of 
the suboxide, MggOg, is doubtful.^ 

Magnesium Oxide or Magnesia^ MgO. — This substance, which 
occurs as the mineral periclase, is formed when the metal burns 
in the air, and is also produced by the ignition of the magnesium 
salt of any volatile oxy-acid. It is prepared on the large scale 
by igniting the carbonate, magnesia alba, and is known as mag- 
nesia usta or calcined magnesia. Two varieties of this are pre- 
pared from the corresponding varieties of the basic carbonate 
(p. 658), and they arc known as light and heavy magnesia, the 
volumes occupied by equal weights being in the ratio of 3*5 to 1. 
When brought into water, combination takes place and the 
hydroxide is formed,^ but the rate at which this combination 
occurs varies greatly with samples of the oxide which have been 
prepared by different methods. Thus the oxide prepared by 
gently heating the native carbonate or the nitrate sets with water 
to a firm mass, whilst the light and heavy oxides combine rapidly 
but do not set, and crystals of the oxide are scarcely attacked 
by water.^ It is tasteless, but in the moist state turns red litmus 
paper blue. When heated in an electric furnace it forms trans- 
parent crystals, melts at about 2250°, and finally volatilises, 
though less readily than lime. Reduction to magnesium and 
magnesium carbide takes place when the oxide and carbon are 
heated in the electric furnace.^ When magnesia is ignited in a 
current of hydrogen chloride it is obtained in the form of regular 
cubes and octahedra, and if a mixture of magnesia and ferric 
oxide is treated in this way black octahedra of magnoferritc, 
MgOjFcgOg, are formed, together with those of MgO containing 
a little ferric oxide ; these are of a yellow colour, identical with 

1 Baborovsky, Ber ^ 1903, 36, 2719; Znt Khlirochetn., 1905, 11, 466. Sco 
also Frary and Berman, Trans. Amer. Klrctrvrkem. Soc , 1915, 27, 209. 

* Rose, Pogg. Ann., 1851, 83, 450. 

* See also Anderson, Joum. Chem. Soc., 1905, 87, 267. Parravano and 
Mazzetti, AUi. R. accad. Lincpi, 1921, 30, i , 63. 

* Iy?beau, Compt. rend, 1907, 144, 799. 
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periclase, a mineral found at Monte Somma, near Naples. 
Crystals resembling those of periclase are also formed when the 
hydroxide is heated to redness with caustic potash.^ 

Magnesia is employed as a medicine, as a refractory lining in 
furnaces, magnesite ” bricks being of great importance in basic 
steel furnaces and in basic lined copper converters, for the 
manufacture of crucibles and cupels, ^ and in certain processes 
for the regeneration of chlorine from ammonium chloride. 

Magnesium Hydroxide, Mg(0H)2, is obtained as a white 
precipitate when aqueous potassium or sodium hydroxide is 
added to a solution of a magnesium salt, and occurs in nature 
as the mineral brucite, which is found embedded in serpentine 
with other magnesium minerals. It has been found by the 
conductivity method that it dissolves in 115,000 parts of water 
at 18° (8*7 milligrams per litre), but direct determinations give 
higher numbers.^ The hydroxide can be dried at 100° without 
loss of water, but is converted into the oxide at a low red heat. 
The hydroxide is not precipitated from solutions of magnesium 
salts by ammonia in presence of ammonium salts, this being 
probably due to the fact that the presence of these salts greatly 
diminishes the dissociation of the molecules of NH^’OH present 
in aqueous ammonia (p. 145).^ 

Magnesium Peroxide . — When caustic soda is added to a solu- 
tion of magnesium sulphate containing hydrogen peroxide, the 
precipitate contains a peroxide of magnesium, which has, how- 
ever, not been prepared pure. The material obtained gradually 
loses oxygen when preserved, and after drying appears to contain 
about equal molecular proportions of the oxide and peroxide.^ 
The commercial product usually contains about 8 per cent, of 
available oxygen.® Carrasco ^ has obtained the following per- 
oxides by successive addition of an ethereal solution of hydrogen 
peroxide to magnesia : 5Mg0,2Mg02,3Il20 ; 3Mg0,2Mg02,3H20, 
and 2Mg0,2Mg02,3H20. They are light powders which explode 
violently when heated. 

^ de Schulten, Bull. Soc. Fran. Mm., 1898, 21, 87. 

2 8oo Chem. Zeit , 190B, 3X 211, 329. 

3 Dupre, junr., ami Bialas, Zrit angew. Chnn , 1903, 16, 54. 

* Lo\^n, Zeit. anorg Chem., 1896,11, 404; Treadwell, \hid., 1904, 37, 320. 

® Ruif and Gcisel, Her., 1904, 37, 3683. 

® Foregger and Philipp, J. Soc Chem. I ml , 1906, 25, 298. See also German 
Patent, No. 168271 (27/7/1901). 

7 Gazz., 1909, 39, ii.,"47. 
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Magnesium and the Halogens. 

289 Magnesium Fluoride^ MgFg, occurs as the mineral sellaite 
in colourless tetragonal crystals, found at Montiers in Savoy. 
When pure magnesia is evaporated to dryness with an excess of 
aqueous hydrofluoric acid, this same compound is obtained as an 
amorphous mass almost insoluble in water. When this is fused 
with common salt and the mass gradually cooled, it is deposited 
in crystals which, after washing with water, exhibit the same 
form as sellaite (Cossa). 

Magnesium Chloride, MgClg, is contained in sea-water, in 
many brine springs, and in various salt beds, and is at present 
prepared in large quantities at Stassfurt. It forms several 
crystalline hydrates, the limits of stability of which in contact 
with a saturated solution are as follows : r2H20 from —33-6° 
to —16*8°, the melting point being —16*4°; 8H20(a) from 
-16-8°to-3-4^ 6H2O from -3*4^0 116*7^ 4H2O from 116-7° 
to 181-5°; above this temperature 2H2O. In addition to these 
an isomeric labile hydrate with 8H2O (/8) is known.^ One hundred 
parts of water dissolve 53-5 parts of anhydrous salt at 10°, 73 parts 
at 100°, and 128 parts at 186°. The hydrate with 61120, which 
is deposited when a hot concentrated solution cools, crystallises 
in deliquescent needles, and is decomposed on heating above 186°, 
water and hydrochloric acid being given off, and magnesia re- 
maining. The anhydrous salt can be obtained by heating this 
hydrate to 175° in a vacuum ^ or by adding ammonium chloride 
to the solution, evaporating to dryness, carefully heating and 
finally igniting. It may also be obtained by evaporating the 
solution in a current of hydrochloric acid gas (Hempel), and 
forms a laminated crystalline solid, which dissolves in water 
with evolution of heat. It possesses a bitter saline taste, and is 
now largely used for the purpose of dressing cotton goods. Mag- 
nesium chloride forms crystalline double salts with other chlorides, 
especially with those of the alkaline earths. Of these the follow- 
ing are the most important : 

Potassium Magnesium Chloride or Camallite, MgClgjKCljbHaO. 
— This compound crystallises in rhombic prisms which deliquesce 
on exposure to the air, leaving a residue of potassium chloride. 

^ van’t Hoff and Dauson, Zeit. yhyaikal, Chem., 1897, 22, 598; van’t Hoff 
and Meyerhoffer, thid., 1898, 27, 75; Bogorodsky, J. Russ. Chem. Phys. 80 c., 
1898, 30, 735. 

2 German Patent, ^101(502 (7/3/03). 
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Ammonium Magnesium Chloride^ MgCl2,NH4Cl,6H20, is de- 
posited from solution in small rhombic crystals which dissolve 
in six parts of water. 

Calcium Magnesium Chloride, 2MgCl2,CaCl2,12H20, or tachhy- 
drite, occurs at Stassfurt in yellowish rounded masses which 
deliquesce on exposure to the air. It can readily be prepared by 
dissolving the constituent salts in a liquid containing 1000 mole- 
cular proportions of water, 44 of magnesium chloride, and 
106 of calcium chloride, and cooling to 25°.^ 

Oxychlorides of Magnesium , — If strongly-ignited magnesia be 
brought into contact with a concentrated solution of the chloride, 
the mixture after standing for some hours solidifies to a mass 
so hard that it is capable of being polished (Sorel). A mass of 
this kind which had been exposed for six months to the air 
gave results on analysis which render it probable that it is a 
mixture of magnesium carbonate and the compound 

MgCl2,5Mg0,17n20, or 2Mg|^jj,4Mg(0H)2,12H20. 


This substance loses water on heating, but does not give off 
hydrogen chloride, and chloride of magnesium may be with- 
drawn from it by repeatedly boiling with water, leaving a residue 
of magnesium hydroxide as a hard non-crystalline mass re- 
sembling brucite.2 If a solution of magnesium sulphate to which 
ammonia and sal-ammoniac have been added (a mixture fre- 
quently used in the laboratory) is allowed to stand for some 
time, a crystalline precipitate having the composition 



4Mg(0H)2,8H20 is sometimes formed (J. Davis). 


Magnesium Bromide, MgBrg, occurs in sea-water and in many 
brine springs. The anhydrous salt is obtained by heating 
magnesium in bromine vapour, or by leading bromine vapour 
over an ignited mixture of magnesia and sugar charcoal. It 
forms a white crystalline mass which hisses and evolves heat 
when brought into contact with water, and crystallises from a 
hot concentrated solution in needles, having the composition 
MgBr2,6H20. At 18° the saturated solution contains 103-4 
parts of the anhydrous salt dissolved in 100 of water.^ On 
heating the crystals, hydrobromic acid is given off and magnesia 

^ van’t Hoff, ZeU, anorg, Chem., 1905, 47, 271. 

2 Bender, Annalen, 1871, 169, 341. 

® Mylius and Funk, Bcr., 1897, 30, 1716. 
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is left behind.^ The bromide, like the chloride, forms many 
double salts, 2 and also combines with many organic substances. 

Magnesium Iodide, Mglg, is found together with the bromide 
^in sea-water and brine springs. It can be prepared by dissolv- 
ing magnesia in hydriodic acid. On evaporation, hygroscopic 
crystals of the hydrate, MgIgjSHgO, are deposited, which readily 
undergo decomposition with liberation of iodine. The solution 
saturated at 18° contains 148 parts of the anhydrous salt dis- 
solved in 100 of water (Mylius and Funk). 

Magnesium and Sulphur. 

290 Magnesium Sulphide, MgS. — This substance is not formed 
in the wet way, but is obtained when a mixture of magnesium 
filings and sulphur is heated to dull redness in a current of sulphur 
vapour^ or sulphuretted hydrogen. The product is a brown, 
coherent, hard, and brittle coke-like mass, mixed with a small 
quantity of magnesium oxide and some unchanged metal. 
On exposure for some time to the air the difficultly fusible sulphide 
slowly tarnishes, and evolves sulphuretted hydrogen, and the 
granular and bright steel-grey fracture becomes dull and coated 
with a grey oxide. When heated in the electric furnace ^ it forms 
cubical crystals of sp. gr. 1*85. It is slightly soluble in water, 
yielding a straw-yellow solution, but on exposure to the light it 
deposits sulphur and becomes colourless. This solution doubtless 
contains magnesium hydrosulphide, Mg(Sn)2, which may also 
be obtained by passing sulphuretted hydrogen into water contain- 
ing magnesia in suspension.^ It is an extremely unstable com- 
pound, and on exposure to the air, or when heated, gives off 
sulphuretted hydrogen, leaving magnesia behind. A solution of 
this substance has been proposed as a source of sulphuretted 
hydrogen for laboratory purposes. 

Magnesium Sulphate, MgS04, occurs in nature as kieserite, 
MgS04,H20, and Epsom salts or epsomite, MgS04,7H20. These 
two compounds can be readily distinguished by the action of 
water on them. Epsom salts is readily soluble in water, whilst 
kieserite is as sparingly soluble as gypsum. Kieserite occurs 
crystallised in rhombic prisms, but is more commonly found in 

' »See Kreidcr, Amer. J. Set., 1905, [4], 20^ 97. 

2 (ie Schulten, Ball. Soc. chim., 1897, [.3J, 17, 167. 

2 Parkinson, Jmm. Chem. Soc., 1867, 20, 127. 

* Mourlot, Compt. rend, 1898, 127,^180. 

• Berzelius, Pogg. Ann., 1826, 6, 443. 
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granular masses which dissolve slowly when allowed to remain 
in contact with water, being gradually converted into Epsom 
salts. Epsom salts occur in many mineral waters. The same 
compound is found as epsomite or hair-salt in silky fibres and 
fibrous crusts at Idria in Carniola, in the gypsum quarries of 
Montmartre near Paris, and in various other localities. The 
floors of the limestone caves in Kentucky, Tennessee, and Indiana 
are in many instances covered with minute crystals of epsomite 
mingled with earth. In the Mammoth cave in Kentucky it 
adheres in loose masses like snowballs (Dana). 

The manufacture of magnesium sulphate from the upper layers 
of salt (Ab'amisalz) at Stassfurt is carried out on the large scale. 
The crude kieserite is placed in sieves in water. The magnesium 
chloride and finely divided chloride of sodium dissolve, whilst 
the kieserite falls tlirough the meshes of the net in small powder, 
and larger pieces of rock-salt, anhydrite, and earthy impurities 
remain behind. The powder is then brought into conical wooden 
moulds in which it is allowed to remain, and in which it soon 
becomes a hard coherent mass, inasmuch as a portion of the salt 
combines with water to form the heptahydrate, which binds 
together the remaining powder of the kieserite. This kieserite- 
stone is then dried and powdered, and contains 80 to 90 per cent, 
of magnesium sulphate, and from 1 to 2 per cent, of common salt. 
It is either brought into the market in this form, or worked up 
into Epsom salts. Sulphate of magnesium was formerly pro- 
duced in considerable quantity by treating either native 
magnesium carbonate or dolomite with sulphuric acid; the 
gypsum formed in the latter case, being much less soluble than 
magnesium sulphate, is easily separated from it. Formerly, 
also, dolomite was burnt, the lime dissolved out by crude 
pyroligneous acid, and the residual magnesia treated with 
sulphuric acid (Henry). 

Magnesium sulphate forms a large number of hydrates, but 
the curve of equilibrium with a saturated solution has not 
been very accurately determined. The ordinary heptahydrate 
(Epsom salts) is stable in contact with a saturated solution from 
1-8° to 0*48°, at which temperature it passes into the hydrate 
with GHgO, which in its turn passes into kieserite at 68°. The 
heptahydrate crystallises from a hot concentrated solution in 
four-sided rhombic prisms (Class 6, p. 209), shown in Fig. 169, 
and is isomorphous with the corresponding sulphates of zinc 
and nickel. As a rule, the commercial salt occurs in the powdery 
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form consisting of minute delicate needles obtained by quick 
crystallisation of a concentrated solution. The crystals are not 
deliquescent, but the commercial salt sometimes becomes moist 
in contact with air in consequence of the presence of traces of 
magnesium chloride. The crystals possess an unpleasant 
saline bitter taste, and have a specific gravity of 1*685 (Schiff). 
On heating, they melt in their water of crystallisation, and lose 
six molecules at 150"^, the last molecule being termed by Graham 
constitutional water , because it is not driven off until a temperature 
of 200® is reached. The solution saturated in contact with this 
hydrate at 10° contains 30*9 parts of anhydrous salt in 100 of 
water, and at 40°, 45*6 parts. 

WTien a boiling and concentrated solution of magnesium 
sulphate is placed in a closed vessel it remains supersaturated 
when cold. Such a solution may stand for 
weeks or months without solidification, but 
milk-white crystals of the hexahydrate are 
sometimes deposited, and, sometimes, mono- 
clinic tablets of a labile heptahydrate. From 
this it is seen that the heptahydrate is di- 
morphous ; this is shown also by the fact that it 
crystallises as an isomorphous constituent with 
monoclinic ferrous sulphate, FeS04,7H20. 
Magnesium sulphate is insoluble in absolute 
alcohol. 

Epsom salts is largely used as a purgative, 
and, like the chloride, is employed as a dressing for cotton goods. 
It is also used in dyeing with aniline colours, as goods thus 
dyed are found to stand the action of soap better, this being 
probably due to the formation of an insoluble magnesia soap. 

Magnesium sulphate forms a series of characteristic double 
salts with the sulphates of the alkali metals. These have the 
general formula MgS04,M^2®04J®fl2^» crystallise in well- 
developed monoclinic prisms.^ It also forms a large number 
of other double salts, many of which occur as minerals. When 
the anhydrous sulphate is dissolved in hot concentrated sul- 
phuric acid, the solution on standing deposits the compound 
MgS04,H2S04, in six-sided tablets, which soon absorb moisture 
from the air and are thereby decomposed.^ 

’ See Tutton, Joum. Chem. floe , 1890, 89, 365, 1005, 87, 1123. 

> Scbiil, Annalen, 1801, 118, 365. 
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Magnesium and Nitrogen, Phosphorus and Arsenic. 

291 Magnesium Nitride^ MgjNg. — ^Deville and Caron, when 
preparing magnesium, observed that the distilled metal some- 
times appeared covered with small transparent needles,^ which 
decomposed in moist air with formation of ammonia and mag- 
nesia, and therefore contained a nitride of magnesium. This 
compound was obtained in the amorphous state by Briegleb 
and Geuther,^ by igniting magnesium in ammonia or in nitrogen 
gas. The nitride of magnesium thus prepared is a greenish- 
yellow amorphous mass, which when heated in dry oxygen gas 
is converted, with bright incandescence, into magnesia. The 
nitride is, however, produced when compressed magnesium turn- 
ings are burnt in the air, and is covered by a layer of oxide.® On 
exposure to the air, or when treated with water, it is quickly 
decomposed into ammonia and magnesia, so much heat being 
evolved in the latter case that the water boils. When heated 
in a current of sulphuretted hydrogen gas ammonium sulphide 
and magnesium sulphide are formed. 

Magnesium Nitrate, Mg(N 03 ) 2 . — This salt occurs in the mother- 
liquors from the saltpetre manufacture, and in the surface water 
of towns, having been first detected by Berzelius in the well- 
water of Stockholm. It is prepared by dissolving magnesia 
alba in nitric acid. It forms several hydrates,^ that with 9 H 2 O 
being stable in contact with a saturated solution from —29° to 
— 18°, at which temperature it passes into the hexahydrate, 
which crystallises in prisms and needles and melts at 90°. The 
solution saturated at 18° contains 73*4 parts of the anhydrous salt 
in 100 parts of water. The hexahydrate dissolves in nine parts of 
alcohol of specific gravity 0-84, but is less soluble in pure alcohol. 

Magnesium Phosphide, Mg 3 P 2 , is formed in small, dark- 
coloured crystals, when magnesium is heated in hydrogen con- 
taining phosphorus vapour. It is decomposed by water with 
formation of magnesium hydroxide and pure phosphine, and 
burns in oxygen, forming magnesiimi phosphate.® 

Phosphates of Magnesium. — The Normal Orthophosphate, 
Mg 3 (P 04 ) 2 , occurs in small quantities in the seeds of the cereals 
and in bones. It is obtained in the form of a hydrated white 

» Ann. Chim. Phys., 1863, [3], 67. 348. 

^ Jnna/en, 1862, 123. 228; see also Morz, Btr., 1891, 24, 3940. 

* Kirchner, Chem. ZeiL, 1901, 25. 395. 

* Punk. Ber., 1899, 32. 96; Mylius and Funk, tbid., 1897. 30. 1716. 

* Gautier, Compt. rend., 1899, 128. 1167. 
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precipitate when a solution of normal sodium orthophosphate 
is added to a solution of Epsom salts.^ One part of the salt 
dissolves in 5,000 parts of water. A phosphato-fluoride of 
magnesium having the formula 2Mg3(P04)2,MgF2 occurs in 
nature as wagnerite. 

Hydrogen Magnesium Orthophosphate^ HMgP04, obtained 
when a solution of Epsom salts is mixed with one of common 
sodium phosphate; on standing, hexagonal needles of the acid 
salt containing seven molecules of water are deposited. These 
dissolve in 322 parts of cold water. If this solution is heated 
it becomes milky owing to the separation of the insoluble normal 
salt, a tetra-hydrogen phosphate, H4Mg(P04)2, remaining in 
solution; this latter coin pound, however, has not been obtained 
in the pure state. A hydrate with SHgO has also been described.^ 

Magnesium Ammonium Orthophosphate, Mg(Nir4)P04,6H20. 
— This salt, a frequent constituent of urinary calculi, was dis- 
covered by Fourcroy. It is produced in tlie putrefaction of 
urine, and large crystals of it have been found in some varieties 
of guano. It is formed when an ammoniacal solution of sal- 
ammoniac is mixed with a solution of magnesium sulphate, and 
a soluble orthophosphate then added. If the solution be dilute, 
the precipitate takes some time to form, and deposits in small 
crystals which attach themselves to the sides of the vessel, 
especially upon points presenting any roughness or inequality, 
as where the beaker-glass has been scratched. It separates in 
this way from extremely dilute solutions, affording a very delicate 
test either for magnesium or for phosphoric acid. According to 
Graham the best mode of obtaining it in distinct crystals is to 
mix 600 parts of hot water with four parts of strong ammonia ; 
then add seven parts of crystallised sodium phosphate, two parts 
of sal-ammoniac, and four parts of magnesium sulphate. The 
crystals which are thus deposited are transparent tetragonal 
prisms. One part of the salt dissolves in 15,000 parts of w^ater 
at 15°, and in 44,000 parts of ammoniacal water, whilst in 
presence of ammonium chloride it is somewhat more readily 
soluble. When heated the salt gradually loses the whole of the 
water and ammonia, pyrophosphate of magnesium, Mg2P207, 
remaining behind.^ 

^ See de Scliulten, Bull. Soc. chim., 1903, [iii], 29, 724; Bull. Soc, Fran. 
Min., 1903, 26, 81. 

* Struve, Zeit. anal. Chem., 1897, 36, 289. 

* Compare Struve, ibid., 1898, 37, 485. 
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If a solution of magnesium chloride is added slowly to a 10 
per cent, solution of dipotassium hydrogen phosphate, magne- 
sium potassium phosphate, MgKP04,6H20, is precipitated.^ The 
rubidium salt may be similarly obtained. 

The Arsenates of Magnesium closely correspond to the phos- 
phates. 


Magnesium and Carbon and Silicon. 

292 Carbides of Magnesium. — Two carbides of magnesium, 
MgC2 and MgCg, exist. The first yields acetylene when treated 
with water, and the second allylene. They have not been 
prepared pure.^ 

Carbonates of Magnesium. — Normal Magnesium Carbonate, 
MgCOg, occurs in nature as magnesite, a mineral isomorphous 
with calc-spar. The same mineral frequently occurs in compact 
or granular masses, and is found in large quantities in various 
localities, especially in the island of Euboea and in India. The 
normal carbonate is also formed by the action of magnesium 
chloride on calcium carbonate (Marignac). It has a specific 
gravity of 3-056, is not easily soluble in dilute acid, and is not 
affected by being boiled with water or alkali carbonates. 

A second variety of the normal carbonate is obtained by 
heating magnesium ammonium carbonate in dry air at 130°. 
It differs remarkably from magnesite in its properties, as it is 
very hygroscopic, and when treated with water sets like plaster 
of Paris to a hard mass ® consisting of the hydroxycarbonate. 
Magnesium carbonate readily dissolves in carbonic acid, but the 
solution is only stable in presence of excess of carbon dioxide.^ 
The amount dissolved increases with the pressure of the carbon 
dioxide and diminishes with rise of temperature. 

According to Engel,® 1,000 parts of water at 12° contain the 
following amounts of magnesium carbonate in the form of 
bicarbonate when saturated under varying pressures of carbon 
dioidde : 

Pressure of COj . . 0-5 1 1*6 2 2-5 3 6 atmospheres. 

^ Balareff, Zeit. anorg. Chem,, 1918, 102, 241. 

* Novdk, Zeit. phf/stkal. Chem,. 1910, 73, 513. 

^ Engel, Compt. rend., 1889, 129» 598. 

* Tread>^ell and Reuter, Zeit. anorg, Chem., 1898, 17, 170 

* Compt. rend., 1888, 100, 444. 
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The solution has an alkaline reaction and a bitter taste. If 
it be placed in a partially closed flask at 60®, crystals of the 
empirical formula MgCOgjSHgO separate out, and a similar 
change occurs when the solution is heated. This substance is 
probably the hydroxycarbmale^ H0*Mg‘C03H,2H20, for it loses 
2H2O at 100®, but does not begin to lose carbon dioxide or the 
remaining molecule of water imtil 126® is reached. Crystals 
of the empirical formula MgC03,6H20 are deposited at a lower 
temperature, and these lose 2H2O at 16®. The anhydrous 
compound, H0’Mg*C03H, can also be obtained by boiling the 
crystals containing 2H2O with xylene. The hydrate is slowly 
decomposed by boiling water with formation of a mixture 
of the anhydrous compound and magnesium hydroxide,^ the 
composition of which depends on the time of boiling. The 
hydrated hydroxycarbonate is also formed when a solution of a 
magnesium salt is precipitated with an equivalent amount of 
sodium carbonate in the cold. It appears probable that a 
mixed carbonate ^ of magnesium and sodium is first formed : 

2Na2C03 + MgS04 = Mg(C03Na)2 + Na2S04. 

This then immediately undergoes partial hydrolysis into 
the hydroxycarbonate or a mixture of this and the hydroxide, 
and the various so-called basic carbonates of magnesium ® are 
all to be regarded as mixtures of this kind (Davis). The magnesia 
alba of the shops is a product of variable composition. The 
“ light ” variety is prepared by precipitating a dilute solution 
of Epsom salts in the cold with sodium carbonate, washing 
with boiling water, and drying at 100®. The “ heavy variety 
is obtained by adding sodium carbonate solution to a boiling 
concentrated solution of Epsom salts, evaporating to dryness, 
digesting with water, filtering and washing, and finally drying 
at 100®. 

When evaporated to dryness, the solution of the carbonate 
in carbonic acid yields a crystalline powder, which, examined 
under the microscope, is found to consist of crystals having 
the fonn of aragonite ; ^ but if the solution is heated to 300® 
in a vessel closed by a porous stopper through which the car- 

1 Davis, J. Soc. Chem. Ind„ 1906, 26, 788. 

* See Reynolds, Joum, Chem, Soc., 1898, 73, 264; von Knorre, ZeU, anorg. 
Chem., 1903, 84, 260. 

* Brill, ZetL anorg, Chem., 1905, 45, 275; Anderson, Joum. Chem. 80 c., 
1906, 87, 261. 

* Rose. Pogg. Ann., 1837, 42, 360. 
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boiiic acid can slowly escape, microscopic rhombohedra of the 
form of native magnesite are deposited.^ Magnesium carbonate 
is, therefore, isodimorphous with calcium carbonate. 

Another method of preparing magnesium carbonate is that 
patented by Pattinson, which consists in igniting dolomite and 
then treating it with water and carbon dioxide under pressure, 
when the carbonate of magnesium dissolves in the carbonic 
acid more readily than the carbonate of calcium; the solution 
of bicarbonate of magnesium which is formed is decanted from 
the insoluble carbonate of calcium and decomposed by a current 
of steam. The salt thus obtained is very white and of a loose 
texture. 

The mineral termed hydromagnesiie^ possessing a similar 
composition to magnesia alba, occurs in small white monoclinic 
crystals. 

Magnesia alba is almost insoluble in water. It dissolves, 
however, readily in solutions of ammoniacal salts, owing to the 
formation of ammonium carbonate, and soluble double carbonates 
of magnesium and ammonium. For this reason ammonium car- 
bonate docs not precipitate a magnesium salt completely, and 
no precipitate occurs in the presence of ammonium chloride. 

Magnesium Caicnm Carbonate or Dolomite, MgC 03 ,CaC 03 , 
occurs as a mineral in the massive state, forming whole mountain 
ranges. It was at one time considered to be an isomorphous 
mixture of the two constituent carbonates, but it has been found 
that it possesses a lower degree of crystalline symmetry (Class 
15, p. 209) than calcite, and that its properties are not the mean 
of those of its constituents. 

Magnesitwi Stlidde , — This compound was obtained by Wohler 
as a by-product in the jireparation of metallic magnesium, by 
fusing together a mixture of sodium, magnesium chloride, and 
sodium silicofluoride, and was prepared by Geuther by heating 
sodium chloride, sodium silicofluoride and magnesium to a 
high temperature in a Hessian crucible.^ It is most readily 
obtained by heating 1 part of quartz sand and 1*5 parts of 
magnesium powder, and then forms a bluish half-fused mass,® 
but when obtained by Geuther’s method it forms crystals having 
a metallic lustre. It has probably the formula Mg 2 Si, although 
Wohler foimd the composition and Geuther Mg 5 Si 3 . 

This variation in the results is probably due to the fact that the 

^ Sdnamont, Ann, Chtm, Phys,, 1850, [3], 30, 129. 

* «/. pr. Chtm,, 1865) 95 » 424. * Oattennaim, Ber,, 1889, 22, 186. 
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product readily loses magnesium on ignition,^ or the substances 
may be mixtures of MggSi and MgSi. In favour of the latter 
view is the fact that when the silicide is treated with hydro- 
chloric acid, spontaneously inflammable silicon hydride is evolved, 
and silicoformic anhydride produced (Vol. I., p. 911), the decom- 
positions being represented thus : 

(1) Mg^Si + 4HC1 = 2MgCl2 + SiH4. 

(2) 2MgSi + 3 H 2 O + 4HC1 = 2MgCl2 + SigH^Oa + 4 H 2 . 

The silicide obtained by heating together 48 parts of mag- 
nesiimi and 28 of silicon ^ yields a certain proportion of the silicon 
hydride, SigHg, when treated with hydrochloric acid, and there- 
fore probably contains a silicide of the formula Mg 3 Si 2 . 

Magyiesiuin Silicates. — As already mentioned (p. 644), mag- 
nesium occurs as a constituent of a very large number of silicates, 
many of which have received important technical applications. 
For a description of these various minerals reference must be 
made to works on mineralogy.^ 


Detection and Estimation of Magnesium. 

293 Magnesium and its compounds do not impart any tint to 
the non-luminous gas-flame. The spark spectnim of magnesium 
is, however, very characteristic (Bunsen, Kirchhoff, ThaKm), 
giving lines in the green coincident with Fraunhofer’s b. The 
brightest of these lines is situated very close to an air-line, 
and for this reason it is better to observe the magnesium spark 
in an atmosphere of hydrogen, or in one of coal-gas, than in 
the air (Bunsen). 

In the course of ordinary qualitative analysis, magnesium is 
obtained together with the alkali metals, as it is not precipitated 
by ammonium carbonate in presence of ammonium chloride. The 
presence of magnesium is readily detected by the addition of 
sodium phosphate to a portion of the solution, as on standing 
for a short time a crystalline precipitate of Mg(NIJ 4 )P 04 , 6 H 20 
is deposited. The formation of this precipitate is greatly 
accelerated by stirring the solution with a glass rod, when the 
crystals are deposited where the rod has scratched the glass. 

Magnesium is usually estimated by precipitation as mag- 

1 Winkler, Ber., 1890, 23, 2642. 

^ Moissan and Smiles, Cornet, rend., 1902, 134, 569. 

> See Mien, Mineralogy, Sections XV. and XVI. (London, Macmillan A Co.) 



ZINC 


661 


nesium ammonium phosphate by means of sodium phosphate 
in the presence of ammonia and ammonium chloride. The 
precipitate is washed with dilute ammonia, in which it is 
less soluble than in pure water, and is then converted by 
ignition into the pyrophosphate, which is weighed. The 
quantitative separation of magnesium from the alkalis is 
accomplished by the method proposed by Berzelius. The 
solution, which must contain the metals in the form of chlorides, 
as is indeed always the case in the analysis of silicates, etc., 
is evaporated to dryness, and the residue ignited in order 
to volatilise the ammoniacal salts. The fixed residue is then 
warmed with a small quantity of water, and a little finely 
divided oxide of mercury added, the mixture again evaporated 
to dryness on a water-bath, and the residue ignited in order to 
expel the mercuric chloride and excess of oxide. The residue 
contains the magnesium in the form of the insoluble oxide, 
whilst the alkali metals remain as chlorides, which are extracted 
by water and estimated. The precipitation of the magnesia 
can also be effected by means of baryta water, the excess of 
baryta being subsequently removed by treatment with carbon 
dioxide. The magnesia, after having been well washed, is 
dissolved in hydrochloric acid, and precipitated as the am- 
monium magnesium phosphate. 

The Atomic Weight of magnesium w^as very carefully deter- 
mined by Marignac ^ by the analysis and synthesis of magnesium 
sulphate, the average number obtained being 24*20. Burton 
and Vorce,2 by converting a known weight of pure magnesium 
into magnesia, obtained the number 24-10, whilst Eichards and 
Parker,^ by the analysis of the anhydrous chloride, prepared 
by heating ammonium magnesium chloride, NH^CljMgCIg, in 
dry hydrogen chloride, obtained the value 24-32, which is at 
present (1922) accepted. 


ZINC. 2n = 65 * 37 , At. No. 30 . 

294 The ancients were acquainted with the alloy of zinc and 
copper which we term brass, but they were not aware that it 
contained any other metal besides copper, and it was only after 
some time that a more accurate examination of brass and the 
ores which were employed for its production led to the recogni^ 

i Jahresb,, 1883, 42. * Amer. Chem. J„ 1892, 219. 

’ anorg. Chem • 1896, ld» 81. 
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tion of zinc as an elementary body. Aristotle, in the fourth 
century b.c., mentions the preparation of brass under the name 
of Mossinoecian copper, which he describes as being bright and 
light-coloured, not produced by the addition of tin, but by its 
having been melted with a peculiar earth found on the shores 
of the Black Sea. The early use of brass is clearly proved by 
the following analysis by Tookey, quoted by Percy, of an 
undoubtedly genuine Greek coin of Trajan struck in Caria 
A.D. 110 : 


Copper 

.... 77-59 

Zinc 

.... 20-70 

Tin 

.... 0-39 

Iron 

.... 0-27 


98-95. 


This ore, by means of which copper could be coloured yellow, 
was termed KaSfieia or cadmia, by Dioscorides and Pliny. The 
same word is also used by the latter author to designate 
the sublimate, consisting of impure oxide of zinc, found in the 
brassfounders’ furnaces. It has already been stated in the 
Historical Introduction that the older alchemists were ac- 
quainted with the means of turning copper a yellow colour. 
The material by which this change was brought about was 
termed in the Latin translation of their works tulia. Agricola 
believed that brass was a mixture of copper and earth termed 
galmei or calamine, and he describes the employment of cadmia 
in the place of the natural ore as follows : “ Sunt qui in 
cadmisB fossilis locum cadmiam fornacum substituunt.” 

The word zinc is first found in the writings of Paracelsus, 
who also pointed out that zinc was a metal. He says in his 
treatise on minerals : There is another metal called the zinken, 
which is unknown to the fraternity, and is a metal of a very 
singular kind.” In 6ther places he describes it as a bastard or 
semi-metal. The word zinc occurs in many subsequent authors, 
and sometimes it is employed to denote the metal, at other times 
the ore from which the metal is obtained. Libavius was the first 
to investigate the properties of zinc more exactly, although he 
was not aware that the metal was derived from the ore known as 
calamine. He states that a peculiar kind of tin is found in 
the East Indies called calaem. Some of this was brought to 
Holland, and came into his hands. He describes its outward 
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appearance and general properties minutely, and compares them 
with those of the other metals, laying very particular stress 
upon the fact that when heated in the air this metal takes fire 
and burns. The exact nature of zinc and its ores continued 
doubtful during the seventeenth century. Glauber, it is true, 
stated that calamine was an ore of zinc, but Lemery so late as 
1675 believed that zinc was identical with bismuth, and Boyle 
often employed the names zinc and bismuth indiscriminately 
for the same substance, also using the word spiauter (our 
English spelter), a name apparently of Eastern origin. In 
general it was believed that the brass which was obtained from 
copper and calamine contained the latter substance as such. 
The view that brass is an alloy was first put forward by Kunkel 
at the end of the seventeenth century. He says in his Labora- 
torium^ “ I have already remarked in my annotations that 
calamine allows its mercurial (metallic) part to pass into the 
copper and form brass. For thou wilt never believe that as a 
sal it could tinge copper; as a terra it cannot enter it, since it 
would make the copper brittle, and moreover could not tinge 
it.” Stahl afterwards gave it as his opinion that calamine could 
turn copper into brass by being first converted into zinc. 

According to W. Hommel,^ the name zinc is erroneously 
attributed to Basil Valentine and the discovery of the metal to 
Paracelsus, for the identification of zinc as the metal from 
blende was only accomplished by Homberg in 1695. 

The preparation of zinc on the large scale appears to have 
been first carried out in England. According to Bishop Watson, 
zinc works were first estabhshed at Bristol about the year 1743. 
“ In about the year 1766 Watson visited Mr. Champion’s works 
near Bristol and saw the process of making zinc, which at that 
time was kept rigidly secret. Many years afterwards he 
published an accurate description of this process, which is the 
same as that hereafter described as the English process ” 
(Percy).^ The first continental zinc works were erected in 
1807 at Liege. 

Zinc is said to have been found in the native state near 
Melbourne, in Australia, but it occurs chiefly as zinc blende or 
zinc sulphide, ZnS, which, when of a yellow colour, is known as 
rosin-blende, and when of a dark colour as black-jack. It is 
found in England, in many districts in Europe and America, 
and also in New South Wales, Rhodesia, and Burma. Zinc 
^ Chem, 1912, 86, 905, • Metallurgy^ i., 621. 
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blende is usually associated with other mineral sulphides, galena 
and iron pyrites being almost invariably present. Another ore 
which was formerly of chief importance is calamine, smithsonite 
or zinc-spar, ZnCOg, found near Altenberg, in the neighbourhood 
of Aix-la-Chapelle, at Wiesloch, in Belgium, Spain, Siberia, and 
North America, as well as at Alston Moor, Lead Hills, Donegal, 
and Matlock in Great Britain and Ireland. It also occurs as 
siliceous or electric calamine, or hemimorphite, Zn2Si04,H20, 
found together with zinc-spar. 

Other ores of zinc are franklinite, (Zn,Fe,Mn)0,(Fe,Mn)203 ; 
red zinc ore, or oxide of zinc, which derives its peculiar colour 
from the presence of oxide of manganese ; hydrozincite, 
ZnCOg, 2Zn(OH)2 ; aurichalcite, 2(Cu,Zn)C03,3(Cu,Zn)(0H)2 ; 
zinc sulphate or goslarite, ZnS04,7H20, and gahnite or zinc- 
spinel, ZnOjAlgOg, etc. Zinc has been found in the ashes of 
the yellow pansy (Viola calarminaris), and of many other plants 
growing in soil which contains zinc.^ 

295 Smelting of Zinc , — In former times calamine was the 
only ore of zinc from which the metal was extracted, but at 
the present time large quantities of zinc silicate, a mineral 
occurring with the carbonate, are employed for the preparation 
of zinc, whilst zinc blende is the chief source. In America the 
metal is extracted from franklinite and from the red zinc ore. 
The first process in the preparation of zinc consists in the roasting 
of the ore in order to drive off the carbonic acid and water which 
it contains, and, in the case of zinc blende, to convert the sulphide 
into oxide. In roasting the latter ore, unless a wet method of 
extraction is to be used, great care has to be taken to prevent 
the formation of zinc sulphate, which requires a very high 
temperature for its decomposition, and, if not decomposed, 
would be again converted, in the process of reduction which 
follows, into sulphide, and thus cause a considerable loss. 

For sulphides this roasting may take place in large mechanical 
furnaces, these being either long-bedded furnaces with mechanical 
stirrers, or muffle furnaces, also worked mechanically. Con- 
siderable success has been met with in Australia by finishing 
the roast in a blast-roasting machine ; the product is particularly 
suitable for subsequent furnace treatment. 

The reduction of the zinc ores was formerly carried on 
in England by a process termed distillation per descensum^ 
The mixture of ore and coal was heated in crucibles closed at 
^ See also JavilUer, Bull 8ct\ rhum>% 1908, 15, 559, 
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the top, but having a pipe leading from the bottom stopped 
by a wooden plug. The latter was quickly carbonised, thus 
becoming porous and allowing the vapour of the reduced 
zinc to pass down the tube, where it was condensed. This plan 
necessitated a large consumption of fuel, and has therefore been 
abandoned. 

In the Belgian process, tube-shaped retorts made of refractory 
fire-clay are employed. These may be either circular or ellip- 
tical in cross-section, and vary from 3 feet 3 inches to 5 feet in 
length, the circular retorts being about 6 to 10 inches in 



Fig. 170. 


diameter, and the elliptical retorts about 7 inches by 9 inches. 
To the open end a conical clay tube is luted, about 16 inches in 
length, and having a diameter of 6 inches at one end and 3 inches 
at the other, and to this adapter is fitted a sheet-iron condenser 
or nozzle which serves to condense zinc fume. The furnaces 
in which these retorts are heated were formerly fired with coal, 
but now gas-fired regenerative furnaces are used of the type 
shown in Fig. 170. 

The number of retorts per furnace varies considerably. In 
coal-fired furnaces from 6 to 9 rows are used, and each furnace 
may have 48 or more retorts. In gas-fired furnaces 4 to 6 rows 
only are used, but these are much longer and may have from 
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56 to 72 retorts in each row. The retorts are fixed in a slightly 
slanting direction to facilitate withdrawal of the spent charge. 

A mixture of 2 parts of ground roasted ore and 1 part of 
coal dust is brought into the retorts, each holding about 40 lb. 
of the mixture. As soon as the temperature has risen high 
enough, the reduction begins, and carbon monoxide is evolved 
and burns from the end of the clay adapter with a blue flame. 
After a while the flame becomes much more brilliant, showing 
that the metal is beginning to volatilise; the iron condenser is 
then placed on to the end of the clay adapter, and the metallic 
vapours are thus condensed. After about three hours the iron 
condenser is taken away and the oxide knocked out. A ladle 
is then held under the mouth of the clay adapter, and the 
melted zinc which has accumulated therein is scraped out. 
The iron receiver is then again fixed in its place, and after a 



Fig. 171 . 

further period of four hours the operation is repeated. It is 
completed in about twenty hours. The exhausted charge is 
then removed from the retort and a fresh one introduced. In 
this way one charge is worked off from each retort in twenty- 
four hours. 

In the Silesian process, clay retorts or muffles (Fig. 171) about 
1 metre long are arranged side by side in the horizontal bed of 
a reverberatory furnace (Fig. 172). No fewer than 30 or 40 
muffles are thus arranged, and these may contain 1 ,500 to 2,000 
kilos, of the mixture of coal and roasted ore. This mixture is 
introduced through a luted clay door in the muffle or retort. 
When the temperature has risen sufficiently high, the vapour 
of the reduced zinc passes out of the retort by a bent clay pipe 
(a, Fig. 171), and condenses in an iron tube, falling down into an 
iron tray placed in a closed recess (o, Fig. 172), in the furnace. 
In this process a considerable quantity of zinc is burnt, pro- 
ducing zinc oxide, known as Silesian zinc-flowers. 

A combination of the Belgian and Silesian methods is being 
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largely employed in the Belgo-Silesian furnace (Fig. 173). One 
modification of this consists of a furnace, having three rows of 
muffles, the bottom row being supported throughout their whole 





length upon the hearth, while the upper rows are supported at 
their ends only, as in Belgian furnaces. These furnaces are 
generally gas-fired, with recuperative heating of the air required 
for combustion. 
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Electric furnaces are now applied to the smelting of zinc ores 
in districts where electric current is cheap and coal is dear, and 
within recent years large plants have been equipped for the pro- 
duction of zinc by wet extraction and electro-deposition. In 
these processes the sulphide ore is roasted under such conditions 
that a large amount of zinc sulphate is formed; the material is 
then leached with dilute sulphuric acid for the solution of the 
zinc and the solution is carefully purified. This is the most 
important step in the process, as small quantities of impurities, 
including minute traces of cobalt, are found to be injurious to 
the deposition. The slightly acid zinc sulphate solution is 
then submitted to electrolysis and the spent solution is used for 
leaching a further quantity of roasted ore. 

Commercial zinc obtained by distillation methods is impure. 
It almost always contains small quantities of lead, iron, and 
carbon, and frequently silver, cadmium, and small traces 
of arsenic, antimony, and other metals are present. The 
metal obtained by the electrolytic method is much purer, ap- 
proaching 99*9 per cent, of zinc. The chemical purity of zinc 
may be readily ascertained by the fact that, when pure, it is 
scarcely attacked by dilute sulphuric acid, whereas common 
impure zinc dissolves readily. 

296 Properties . — Zinc has a bluish-white colour, melts at a 
temperature of 419^^ (Heycock and Neville), and boils at 918'" 
(D. Berthelot).^ The vapour density of zinc is 2-36, so that its 
molecular and atomic weights are identical.^ If zinc is heated 
to its melting point, but not to a higher temperature, poured 
out upon a non-conducting surface, and the molten metal then 
poured off from the portion which has solidified, the metal is 
obtained in the crystalline form, consisting of hexagonal prisms 
and pyramids or rhombohedra. Commercial zinc has a coarsely 
lanGiinar texture. It is moderately hard and difficult to file, and 
when bent after fusion emits a crackling noise, not so loud as 
that emitted by tin. Zinc exhibits the greatest degree of 
ductility and malleability at temperatures between 100® and 
150®, at which it may be drawn out into wire and rolled into 
plate.* On the other hand, it is so brittle at 205® that it may 
be powdered in a mortar. The specific gravity of zinc which 

^ Compt. rend., 1000, 131, 380; 1902, 134, 705. Compare Lo Chatelier, 
ibid., 1805, 121, 323. 

2 V. Meyer, Ber., 1886, 19, 3295. Sco also Biltz, Jovm, (!hem. 80 c., 1896, 
70 , U., 152. 

> Robson and Syfvestra, QiWeria 4nn*, 1806, 24, 104, 
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has been distilled in vacuo is 6*9226 at 20°/4®, and this rises to 
7*1272 when the metal is submitted to a pressure of 10,000 
atmospheres.^ It seems probable that the zinc used for the 
foregoing measurements was a practically pure sample of the 
stable form, whilst ordinary zinc is a mixture of this form with 
at least one other metastable allotrope.^ 

Zinc has been obtained by the electrical method in the colloidal 
state, forming a brown solution in ether,^ and also as an unstable 
hydrosol.^ 

Zinc vapour readily burns in air, the combustion being shown 
by holding thin zinc turnings in the flame of a lamp, or, better 
still, by placing zinc in a white-hot crucible, and exposing the 
surface to the air or stirring it with an iron rod, when the metal 
burns with a bright white flame. 

Pure zinc is very slowly dissolved by dilute sulphuric acid, 
whilst the imi)ure metal readily dissolves with evolution of 
hydrogen. The inactivity of the former is due to the fact that 
a film of hydrogen forms on the surface of the zinc and prevents 
the further action of the acid ; if, however, impurities are present, 
these form galvanic couples with the zinc, and as they are electro- 
negative to zinc the hydrogen is evolved from them, leaving the 
surface of the zinc continuously exposed to the action of the acid.® 
If a few drops of a solution of the sulphate of copper, cobalt, or 
nickel,® or of platinum chloride, be added to the acid in which 
the pure zinc is placed, hydrogen is rapidly evolved, because 
copper or platinum is deposited on the zinc, and acts in 
the manner above described. Zinc displaces many metals from 
their salts in aqueous solution, the action being rapid with copper : 
it has been shown that such reactions have a short period of 
induction and thereafter are first-order reactions until the 
deposition of the less electro-positive metal forms “local elements,’’ 
after which the velocity of the action depends only on the rate of 
diffusion of the dissolved salt to\he surface of the zinc.’ When 
zinc is heated with concentrated sulphuric acid, sulphur dioxide 
is evolved, and no hydrogen sulphide is produced.® Zinc dissolves 
in hydrochloric acid with evolution of hydrogen and formation 

1 Kahlbaum, Roth, and Siedler, ZciL anorg. Chem,, 1902, 29, 177. 

* Cohen and Heldormann, Zeit, physikal. Chem.^ 1914, 87 , 409, 419, 426; 

Cohen, thid., 4314 ® Svedborg, Ber,, 1905, 38 , 3616. 

♦ Billitzor, ibid., 1901, 36 , 1929. « Wceren, ibid., 1891, 24 , 1786. 

® See Ball, Journ Chem. Soc., 1897, 71 , 642. 

’ Centnerszwer and Drukker, J. Russ. Phyn. Chem. Soc., 1915, 47, 528. 

• Berthelot, Ann. Chim. Phys., 1898, [7], 14 , 176; Adio, Proc. Chem. Soc., 

1899 , 15 , 133 , 
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of the chloride; and in nitric acid, with evolution of nitric 
oxide, nitrous oxide, or ammonia according to the conditions 
of the experiment, the last-named uniting with the excess 
of nitric acid to form ammonium nitrate. Zinc dissolves also 
in solutions of the alkalis with evolution of hydrogen, the zinc 
hydroxide first formed dissolving in the excess of alkali. 

Zinc when exposed to the atmosphere is gradually attacked, a 
scale of basic carbonate being formed,^ and it is also attacked 
and partially dissolved by water.^ 

Commercial zinc usually contains arsenic, which may be 
removed by adding 0-2 per cent, of metallic sodium to the fused 
metal, skimming off the surface layer and then granulating the 
metal by pouring it into cold water.^ 

About 60 per cent, of the zinc produced is used for galvanizing 
iron or steel as a protection against rusting : the articles after 
thorough cleaning, both mechanically and by pickling in acid, 
are immersed in a batli of molten zinc covered with a suitable 
flux. A similar but less robust coating is given in the 
“ Sherardising ” process by heating iron or steel to about 300°- 
350°C. in intimate contact with zinc dust. It is employed in the 
form of sheets for a variety of technical purposes, and is much 
used in the manufacture of brass, an alloy of the metal with 
copper. Zinc is also used for desilverising lead, in electrical 
batteries, for the precipitation of gold from its solution in potass- 
ium cyanide, and for a great number of other purposes. Metallic 
zinc in the form of fine dust is obtained in considerable quantity 
in the manufacture of the metal, mixed with a certain amount 
of oxide of zinc. This mixture, called zinc dust or blue pmder, is 
a valuable reducing agent, often used for this purpose in organic 
chemistry, and also on a large scale for the reduction of indigo- 
blue: it is likewise employed as a paint for iron articles. In 
order to free the powder from oxide of zinc, it is only necessary 
to allow it to remain for sometime in contact with very dilute 
hydrochloric acid. The residue is first washed with water and 
then with pure alcohol, after which it is dried and preserved. If 
exposed to the air in mass in a damp state, it is liable to ignite 
spontaneously. 


1 Moody, Proc, Chem, Soc., 1903, 19 , 273. 

* Davies, J, Soc» Chem. Jnd.^ 1899, 18> 102. 

* Hehner, ibid.^ 1902, 21 , 076; Thome and JofTers, Analysis 1900, 31 , 101. 
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Alloys of Zinc. 

297 The most important alloys of zinc are those which it forms 
with copper, which, as already stated, were known long before 
metallic zinc had itself been isolated. Zinc also forms an impor- 
tant constituent of many aluminium alloys, of nickel silver, 
and of many antifriction alloys 
The following table gives the composition of a variety of copper- 
zinc alloys : 



Gold- 









like 


Brass from 

Tombac. 

Homan 


alloy 
used by 
watch- 

Auh s 
metal 








Oc-ker 

SWill- 

borg 

Eng- 

land 

English 

Vienneso 

the reign 
of Titus 


makers 






Copper . . 

58 8C) 

60-20 

62-24 

65 80 

70-30 

86-38 

97-8 

96 06 

Zinc .... 

40-22 

38 10 

37-27 

33-80 

20-30 

13-61 

2-2 

i 2-71 

Tin 

JA'ad 

1-90 

— 

0 12 
0 59 

0 26 
0-28 

0-17 
! 0-28 

— 

— 

— 

Iron 

— 

1-60 

0 12 

1 

— 

j 

i 

— 

! 0-85 

1 


100-98 

99 90 

100 34 

100 13 

100-05 i 99 99 

100 0 

99-62 


BnisSf which has long been known, was always made up to 
the year 1780 by strongly heating copper together with calamine 
and charcoal or coal. The coal reduces the calamine to the 
metallic condition, and the zinc, instead of passing off as vapour, 
combines with the copper, and forms brass. At the present day, 
however, brass is prepared by adding the requisite quantity of 
metallic zinc to molten copper. The composition of brass varies 
considerably; common brass, sometimes termed English brass, 
contains about two parts of copper to one of zinc. When more 
copper is added the colour becomes reddish. That containing 
about 80 per cent, of copper is termed German or Dutch brass 
or tombac. On the other hand, an additional proportion of zinc 
yields a light yellow metal known as Muntz metal, an alloy 
which was first prepared by Muntz, in the year 1832, and has 
since been very largely used for the sheathing of ships. Another 
such alloy, named Aich’s metal from its inventor, is malleable 
when hot. 

Brass and the other copper-zinc alloys are all harder than 
copper; they are malleable, and can be hammered and rolled 
into thin plates and drawn out to fine wire ; they can also be 
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readily worked in the lathe. These properties, as well as their 
beautiful colour, bright lustre, and cheapness, render them 
most useful in the arts and manufactures. 


COMPOUNDS OF ZINC. 

Zinc and Oxygen. 

298 Zinc Oxide, ZnO. — This compound occurs as the mineral 
zincite or red zinc ore, which consists of a mixture of zinc oxide 
with 0-7 to 12 per cent, of red oxide of manganese. It occurs, 
especially in New Jersey, in red or orange-yellow hexagonal 
crystals or in a granular mass. Zinc oxide is also occasionally 
found in the crystalline state in brass-melting furnaces, as well 
as in the zinc furnaces. It has already been mentioned that 
the finely divided oxide was known to the ancients as tutia, 
pompholyx or flowers of zinc, and Dioscorides states that if 
too much cadmia is employed in the manufacture of brass, 
pompholyx is formed like tufts of wool,^ whence the name Lana 
philosophica was given to this substance by the alchemists. The 
similarity between the oxide of zinc obtained by combustion and 
flakes of snow led the alchemists to term it nix alba; this was 
translated into German as “ weisses Nichts,’^ and retranslated 
into Latin as “ nihilum album.'’ 

Zinc oxide is known in commerce as '' zinc white," and is pre- 
pared on the large scale and used as a paint and as a “ filler " in 
the rubber industry. It is obtained by the distillation of zinc 
in earthenware retorts, the burning vapours of the zinc being 
brought into chambers through which a current of air is passed 
and the oxide allowed to deposit in a second chamber. The 
preparation of zinc white directly from the ore has been carried 
on at Liege.2 

Zinc oxide is prepared for pharmaceutical purposes by pre- 
cipitating a solution of zinc sulphate with sodium carbonate 
and igniting the basic carbonate thus thrown down. As the 
commercial zinc sulphate frequently contains Epsom salts (mag- 
nesium sulphate) as an impurity, it is best, in order to obtain 
the pure compound, to dissolve zinc in dilute sulphuric acid, 
and then either to treat the solution with sulphuretted hydrogen, 
or to allow the solution to remain for some time in contact 

^ ipitay ro\vir:its htpoixotovrw . 

* See Hofmann’s Ber, Entw, Chem. Ind,, i., 919. 



ZINC AND OXYGEN 


673 


with metallic zinc, in order to precipitate the cadmium, copper, 
arsenic, and other metals. To the filtrate a small quantity of 
an alkaline solution of sodium hypochlorite is added, in order to 
throw down the iron, manganese, etc.; the solution is then 
filtered, and poured in a thin stream into a boiling solution of 
pure sodium carbonate. The precipitate is washed with boiling 
water, and, after drying, it is gently ignited in a glass flask or 
platinum basin. 

Zinc oxide has a specific gravity of 5*6 ; when hot it possesses 
a lemon-yellow colour, but on cooling it becomes white.^ When 
heated in the oxy-hydrogen flame it emits a brilliant white 
light, and after being thus heated, phosphoresces for some time 
in the dark. It evaporates at an appreciable rate at 1400° and 
rapidly volatilises in the electric furnace, the vapour condensing 
in long, transparent crystals.^ It is probable that the oxide 
undergoes polymerisation when heated, a small amount of heat 
being evolved in the process. The anhydrous oxide gradually 
takes up water from the air.^ 

The reduction of zinc oxide by carbon in an atmosphere of 
nitrogen begins at 800°, and increases rapidly with rise of temper- 
ature. Its reduction by carbon monoxide begins at 600°, and 
also increases rapidly with rise of temperature.^ 

It readily dissolves in acids, forming the corresponding zinc 
salts, which aie colourless, unless the acid be coloured. The 
normal soluble salts redden htmus solution; they possess a dis- 
agreeable metallic taste, and act as poisons and emetics. 

Zmc Hydroxide, Zn(OH) 2 , is obtained as a white powder, 
when caustic potash, caustic soda, or ammonia is added to a 
solution of a zinc salt, but when prepared in this way it usually 
contains small amounts of a basic zinc salt. It is very soluble 
in an excess of these reagents, zinc oxide acting as an acid- 
forming oxide towards the strong alkalis, and it is upon this 
fact that the solution of zinc in alkalis with evolution of hydrogen 
depends. The reaction takes place especially quickly in presence 
of metallic iron. If metallic zinc is allowed to remain under the 
surface of a solution of ammonia in contact with iron or copper, 
zinc hydroxide crystallises from the solution in colourless, 
transparent rhombic prisms (Rimge) ; and if a saturated solution 

^ Coiupait) Schiipphaus, J, Soc. Chem, hid,, 1899, 18 , 987. 

* Moissan, CompL rend,, 1892, 115 , 1034. 

® dc Forcrand, Compt, rend,, 1902, 134 , 1420; 135 , 36; Atm, Chnn, Phys., 
1902, [viil, 27, 26. 

* Doeltz and Crauinann, MeUdlurgie, 1907, 4 , 290. 
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of the hydroxide in caustic potash is allowed to stand, regular 
octahedra of the compound, Zn(0H)2,H20, are formed (Bodeker). 

The crystalline hydroxide is stable up to 85® in the air, but 
loses all its water at 130-140®, except a trace which is driven off 
only at a red heat. The amorphous hydroxide, on the other hand, 
loses its water gradually as the temperature rises (de Forcrand). 
The hydroxide is soluble in about 190,000 parts of water at 
18®.^ It is readily soluble in caustic alkalis and in ammonia, 
but is insoluble in dimethylamine.^ 

In its behaviour to alkalis it may be regarded as a weak acid, 
H 2 Zn 02 , but the salt formed is very largely hydrolysed, the 
amount of the hydroxide dissolved by an alkali being a function 
of the concentration of the latter.® A study of the equilibrium 
between zinc oxide and sodium hydroxide solution has estab- 
lished^ the existence of a stable compound, Na20,Zn0,4H20. 
Freshly precipitated zinc hydroxide requires nearly 7 molecular 
proportions of caustic soda in concentrated solution to dissolve 
it completely, and the solution thus formed is not permanent, 
zinc hydroxide being gradually precipitated from it in a less 
soluble form. Only a very small amount of a sodium zincate is 
ever present in the solution, the greater part of the dissolved 
hydroxide being probably present in the colloidal state.® When 
the hydroxide dissolves in ammonia, on the other hand, a com- 
plex hydroxide, the formula of which is still unsettled, is probably 
formed.® 

Zinc Peroxide^ ZnOg. — A product containing zinc peroxide is 
formed by the action of hydrogen peroxide on the hydroxide,*^ 
and by the electrolysis of a solution of zinc chloride with a 
porous diaphragm, hydrogen peroxide being added to the 
cathode compartment.® It forms a yellowish powder containing 
v^ariable amounts of zinc hydroxide and water.® Zinc peroxide 

^ i)uprc, jun , and Bialas, Zeit. atigew, Chern.f 1903, 16, 54. 

* Her?, Zed, anorg. Chem., 1901, 26, 90. 

* Rubenbauer, Zed. anorg. Chem.^ 1902, 30, 331 ; Moir, Proc. Otem. Soc., 
1905, 21, 310. Sec also KurlloU, Zed, Eleklrochem., 1900, 12, 209; Bull. Acud. 
St. Piter ehourgt 1901, 1, 95. 

^ Goudriaan, Proc. K. Akad. Wetenach. Am^terdamt 1919, 22, 179. 

* Hantzsch, Zed. anorg. Chem., 1902, 30, 289. 

* Dawson and McCrao, Journ. Chem. Soc , 1900, 77, 1239; Euler, Ber., 1903, 
36, 3400; Bonsdorff, Zed. anorg. Chem., 1904, 41, 132. 

^ Kunloff, Cwnjit, rend., 1903, 137, 018; de Forcrand, ihid., 1902, 134, 601; 
135, 103. 

« Foregger and Philipp, J. Soc. Chem. Ind., 1900, 26, 398. 

® Hinz, German Patent, 151129. 
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may also be formed by the action of 30 per cent, hydrogen 
peroxide solution on potassimn, sodium, or ammonium zinc* 
oxide.^ 


Zinc and the Halogens. 

299 Zinc Chloride^ ZnCl 2 . — Impure chloride of zinc was first 
prepared by Glauber. He describes in his De furnis novis philo- 
sophicis, published in 1648, an oleum lapidis calaminaris, ‘'obtained 
by dissolving calamine in spirit of salt, and heating the solution, 
when a thick oleum remains as unctuous as olive-oil, and not par- 
ticularly corrosive, for the spirit of salt has itself been weakened 
by corroding the calamine and thus lost its acrimony. This oil 
must be well preserved against the action of the air, otherwise 
in a few days it attracts so much air to it that it becomes a watery 
liquid.” In 1735 Hellot prepared “ butter of zinc,” by distilling 
flowers of zinc with sal-ammoniac; and Pott, in 1741, obtained 
the same substance by distilling zinc with corrosive sublimate. 
Gallisch, in 1782, noticed that zinc deliquesced when exposed to 
the action of dephlogisticated muriatic acid gas (chlorine), and 
Westrumb, in 1790, observed that when finely divided zinc was 
dropped into the gas, the metal took fire. This historical sketch 
serves to show the methods by which the anhydrous chloride may 
be obtained. The same substance is formed when a mixture of 
anhydrous zinc sulphate and calcium chloride is distilled (Persoz). 

Zinc chloride is a white or usually greyish-white mass of sp. 
gr. 2*907 at 25''/4^, soft, like w^ax, at the ordinary temperature, 
melting when heated a little above 100^ (H. Davy), and subliming 
at a liigher temperature in white, needle-shaped crystals. It 
is very deliquescent, is soluble in alcohol, and boils at 730°, 
its vapour density being 1 * 6 , corresponding to the normal formula. 
It also has the normal molecular weight when dissolved in 
urethane, as determined by the freezing point method (Castoro).- 

A concentrated solution of zinc chloride is best obtained by 
dissolving zinc, its oxide, or carbonate, in hydrochloric acid, and 
evaporating the solution to the consistency of a syrup. On the 
addition of a little concentrated hydrochloric acid to this s)rrupy 
solution, small, deliquescent octahedra separate out, having the 

^ Kazaneoky, J. Jiitss. Phys. Chem, Soc,, 1910, 42 , 1462; see also Carrasco, 
Gazz,, 1911, 41 , i., 16; Telotoff, J, Russ, Phys Chem, Soc., 1911, 43 , 131; 
Kiosonfeld and Noitebohm, Zat, anorg, Chem., 1914, 89,405 ; 90 , 160; and 
Sjostrom, ibid., 1917, 100 , 237. 

* Oazz., 1898, 28 , ii., 317. 
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composition ZnCl 2 ,H 20 * addition to this, hydrates with 1*6, 
2-5, 3, and 4 H 2 O are known, the curve of equilibrium for zinc 
chloride and water being one of great complexity.^ Zinc chlor- 
ide is used in surgery as a caustic, and is employed in the 
laboratory for the purpose of separating the elements of water 
from many organic substances. It is used as a preservative of 
timber, for vulcanising paper fibre and as a flux for soldering 
operations. It is also employed on a large scale, as is magnesium 
chloride, for weighting cotton goods. When its solution is 
evaporated, hydrochloric acid is evolved and basic salts are 
formed; these may also be obtained by diluting the aqueous 
solution, and by boiling the solution of the chloride with zinc 
oxide and adding water, when precipitates are formed consisting 
of mixtures of Zn(OH)Cl and Zn(0H)2 in varying proportions. 
The oxychlorides, ZnCl2,4Zn0,6H20 and 2ZnCl2,2Zn0,3H20, 
have been described by Driot.^ When a solution having a specific 
gravity of 1*7 is boiled with an excess of oxide, a liquid is formed 
which has the property of dissolving silk, and this is used for 
separating silk fibres from those of wool, or of cotton or linen, 
whilst all of these dissolve in a solution of normal zinc chloride. 

Zinc chloride foims double salts with 2 and 3 molecules of 
ammonium chloride ; ^ the products obtained by the crystallisa- 
tion of solutions containing chloride of zinc and the chlorides 
of sodium, potassium, ammonium, and lithium at temperatures 
between 20"^ and 100° have been examined by Ephraim.^ 

Zinc Bromide, ZnBrg, is formed when bromine vapour is passed 
over the metal heated to redness. It corresponds closely to the 
chloride in its properties, and on heating sublimes in the form 
of white needles. It melts at 394°, and boils at 650°. The 
products of crystallisation of solutions containing bromide of 
zinc and the bromides of sodium, potassium, ammonium, and 
lithium at temperatures between 20° and 100° have been exa- 
mined by Ephraim.^ 

Zinc Iodide, Znig. — Zinc and iodine readily unite when they 
are heated together to form a colourless mass which melts at 
446°, and sublimes in four-sided needles. An aqueous solution 
can be easily obtained by warming metallic zinc and iodine 

^ Dietz, Rff., 1899, 82* 90; Mylius and Dietz, %hid,, 1905, 38, 921. 

^ C&tnyL rend., 1910, 150 , 1426. 

* Meerburg, ZeiL anorg. Chem., 1903, 37 , 199. 

* Zeit. anorg. Chem., 1908, 59 , 56; see also Ephraim and Model, thid., 1910, 
67 , 379. 
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together with water. On evaporating the solution, the anhydrous 
compound separates out in the form of regular octahedra, which 
when exposed to the air first absorb water and deliquesce, and 
then take up oxygen and lose iodine. 


Zinc and Sulphur. 

300 Zinc Sulphide^ ZnS, is found as blende, which crystallises 
in the regular system, frequently in hemihedral forms (Class 31, 
p. 209). Its specific gravity varies from 3*5 to 4*2. In the 
pure state it is transparent, and has a light yellow colour; 
usually, however, it contains iron and other metals which im- 
part to it a red, brown, or black tint. The same compound is 
more rarely found as wurtzite in hexagonal crystals. When 
ammonium sulphide is added to a solution of a zinc salt, a white 
amorphous precipitate of zinc sulphide is formed ; this is soluble 
in dilute acids, with the exception of acetic acid, with evolution 
of hydrogen sulphide. When this precipitate is heated in a 
current of hydrogen, or fused at 1800° — 1900° under a pressure 
of 100- -150 atmospheres,^ or when zinc oxide is ignited in an 
atmosphere of sulphuretted hydrogen, zinc sulphide is obtained in 
crystals which have the form of wurtzite. Natural crystals of 
zinc sulphide have the property of phosphorescing after exposure 
to light, and the phosphorescent sulphide may be artificially pre- 
pared by heating precipitated zinc sulphide to whiteness in a 
covered crucible (Sidot). Pure zinc sulphide remains non- 
phosphorescent, but if the material contains small amounts of 
alkali chlorides and the sulphides of other metals, such as bismuth, 
copper, or manganese, a brilliant phosphorescence is obtainable.- 
The phosphorescent sulphide glows when exposed to X-rays, 
Pecquerel rays, or the a-radiation from radium, and when placed 
in ozonised oxygen.^ For the action of the Rontgen rays on a 
crystal of zinc sulphide see p. 217. 

Zinc Sulphate, ZnS 04 . — This salt, long known under the 
name of white vitriol, is thus described in the first book of 
Basil Valentine’s Last Testament — “ Behold the v (water) of 
Goslar, how a fine white and red vitriol is found there.” The 
name vitriol was applied to all the salts of the common metals 

^ Tied© and Schleedo, Her., 1920, 53 b, 1717. 

2 Grune, Ber,, 1904, 37, 3076; Hofmann and Dacca, ihtd., 3407; Jorissen 
and Ringer, Chem, Centr., 1906, 1, 644. 

® Schonck and Mihr, Her., 1904, 87, 3464. 
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possessing a vitreous lustre,^ and to this day iron sulphate is 
known as green vitriol, and copper sulphate as blue vitriol. 

White vitriol was prepared on the large scale at Goslar, in 
the Harz, in the sixteenth century. It was obtained by lixi- 
viating the roasted ore, but its composition remained long 
unknown. Thus, in Lcmery’s Coins de Chijmie, published in 
1675, we read, “ Le vitriol blanc est le plus d6purc de substance 
metallique.” It was, indeed, soon discovered that this salt 
might be obtained by dissolving calamine in sulphuric acid, but 
as tliis ore always contains iron, green vitriol was obtained at 
the same time. In addition to this, the fact that both green 
vitriol and blue vitriol when heated become white through loss 
of water of crystallisation led to still further confusion between 
these compounds. It was not until 1735 that Neumann sug- 
gested that the base of white vitriol consisted of zinc or calamine, 
and this view was confirmed by Ilellot, inasmuch as he obtained 
the salt by dissolving zinc in dilute sulphuric acid, whilst Brandt 
showed that brass was obtained from white vitriol by calcining 
it and heating it with charcoal and copper. 

Zinc sulphate occurs not infrequently in zinc mines, where it 
is formed by the oxidation of blende. It is, however, usually 
obtained on the large scale by roasting ores containing sulphide 
of zinc, afterwards exhausting with water, and evaporating 
the solution to the crystallising point, when the hydrate 
ZnS 04 , 7 H 20 , isomorphous with Epsom salts, separates out. 
These crystals on heating fuse readily in their water of crystal- 
lisation. Commercial zinc vitriol is made to assume the shape 
of a sugar-loaf by stirring this fused mass in wooden troughs 
with wooden shovels till crystallisation takes place, and sub- 
sequently pressing the mass into moulds. The aqueous sohi- 
tion has an acid reaction (p. Ill), 0-03 per cent, of the salt being 
hydrolysed in a 1/16 normal solution.^ 

Zinc sulphate forms several hydrates. The heptahydrate is 
stable in contact with water up to 39°, and then passes into the 
hexahydrate, which at 70° is converted into a lower hydrate, 
probably the monohydrate.^ 

^ “ Atramentum candidum potissimum stirifo figura reperitur Goslarisp, 
translucidum cristalli instar; nec cierulcum noc virido caret porspicuitate ; 
unde superior aetas atramento sutorio vitrioli nomen imposuit.” — ^AqricolAi 
De Nalura Foastlium, Lib. III., ed. 1667. 

* I^y, Ber„ 1897, 30, 2192. 

• See LandoIt-Bumstoin'Roth, Physlhalisch chemische Tahellen. 
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One hundred parts of water dissolve : 

At 0° 15° 39° 50° 70° 100° 

ZnS04 41*9 50-88 70-06 76-84 89 78-5 

The heptahydrate has the specific gravity 1-95 : it effloresces 
slowly in the air, and on heating to 100° loses six molecules of 
water, the last molecule being evolved only at a moderate red- 
heat. The hexahydrate, isomorphous with the corresponding 
magnesium salt, separates out when a solution of the sulphate 
is evaporated above 50°. 

The anhydrous salt forms a friable mass having a specific 
gravity of 3-4. When heated more strongly, sulphur dioxide 
and oxygen are evolved, and a basic salt remains behind, which 
is formed also when zinc sulphate and zinc oxide are boiled 
together. On cooling the hot saturated solution, glistening 
scales separate out having the formula S 02 ( 0 -Zn- 0 -Zn) 20 , 2 H 20 . 
At a white heat all the zinc sulphates are completely decom- 
posed, leaving a residue of zinc oxide. Besides these, several 
other basic zinc sulphates are known, and also characteristic 
double salts with the alkali sulphates, having the general formula 
ZnS 04 ,M 2 S 04 , 6 H 20 .i 

Zinc sulphate is employed in medicine, in dyeing, and in 
the manufacture of lithopone. 

Zinc Thiosulphate^ ZnSgOg, is prepared by treating a mixture 
of zinc dust and water at 45-50° with a rapid stream of sulphur 
dioxide until the metal has entirely dissolved ; a large excess of 
sulphur dioxide must be avoided, as this reacts with zinc thio- 
sulphate, forming polythionic acids. The viscid, greyish-yellow 
mass produced, when cooled to the ordinary temperature, sets to 
a stiff paste which is drained in an inert atmosphere.^ 

Zinc and Nitrogen and Phosphorus. 

301 Zinc Nitride f ZngNg, is formed when zincamide is heated 
to dull redness : 

3Zn(NH2)a = Zn3N2+4NH3, 

and is also produced to some extent when zinc is heated at 600° 
in a current of ammonia.® It is a green powder which is decom- 

^ Tutton, Journ, Chem, 80 c., 1904, 86, 1123; Koppel, Zeit, physikal, Chem , 
1905, 52, 385. See also Mallot, Joum, Chem, Soc., 1900, 77, 220. 

‘ GrS.nau, LandshoH and Meyer, D. R. Patent, 184564. 

• White and Kirschbraun, J, Amer, Chem, Soc,, 1906, 28, 1343. 
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posed by water with such energy that the mass when moistened 
becomes incandescent : 

ZngNa + 3H2O = 3ZnO + 2NH3. 

Zincamide or Zinc Diamine^ Zn{NH2)2, is formed by the action 
of dry ammonia on zinc ethyl : 

Zn(C 2 H 5)2 + 2NH3 Zn(NH2)2 + 2C2H0. 

It is a white amorphous powder and is decomposed by water 
with evolution of heat as follows : 

Zn(NH2)2 + 2H2O - Zn(OH)2 + 2NH3. 

Zinc Hydrazide, ZnN2H2, is formed by the interaction of 
zinc ethyl, dissolved in dry ether, and hydrazine. It may also 
be prepared from zincamide and anhydrous hydrazine in ethereal 
suspension.^ 

Zinc Nitrate, Zn(N03)2. — The hexahydrate crystallises from 
a very concentrated solution of zinc in nitric acid, in striated 
colourless pointed four-sided prisms. These are very deliquescent, 
and are soluble in alcohol. It melts at 36*4:°, and passes at 
about 35®, and at a concentration of 65 per cent, of anhydrous 
salt, into the trihydrate, which melts at 15-5®. A hydrate with 
OllgO also exists below —17®.^ When heated for some time at 
100®, the salt loses water and nitric acid and a basic nitrite re- 
mains, which is also formed by boiling the solution with zinc 
oxide. Hydrates with 2, 4, and 6 molecules of water arc also 
knowm, and the interactions between these have been investigated 
by Vasilieff.^ 

Zinc Phosphide, obtained as a grey mass by heating 

finely divided zinc in the vapour of phosphorus (Schrotter).'* 
Zinc phosphide is employed in medicine. 

Zinc Phosphates, An investigation of the equilibrium between 
zinc oxide, phosphoric oxide and water ^ has proved that at 25® 
the following phosphates exist : Zn3(P04)2,4H20 ; ZnHP04,3H20 ; 
and Zn(H2P04)2,2H20 : and that at 37° a lower hydrate of the 
second phosphate, ZnHP04,H20, is formed. 

^ Ebler and Krause, Ber., 1910, 43, ip90. 

* Funk, ZeU. nrhorg. Chem., 1899, 20 , 400. 

® J. Ruaa. Phys. Chem. 80 c., 1909, 41 , 748. 

* Sco also Vigier, Bull. 80 c. chm., 1861, 3, 5, and Jolibois, Compt, rend., 
1908, 147 , 801. 

* Eberly, Gross and Crowell, J, Amer. Chem. 80 c., 1920, 42 , 1433. 
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Zinc and Carbon. 

302 Carbonates of Zinc. — Normal Zinc Carbonate, ZnCOg 
occurs as zinc-spar or calamine, crystallising in rhombohedra 
having a specific gravity of 4*42. Zinc-spar is found sometimes 
in the pure state, but, in general, more or less of the zinc is 
found to be replaced by magnesium, cadmium, iron, and other 
isomorphous metals. When a solution of zinc vitriol is precipi- 
tated by the addition of an alkali carbonate or bicarbonate, the 
first product is the amorphous normal carbonate, which passes 
into the hydrated crystalline carbonate, ZnC03,H20, or into the 
basic carbonate, 5Zn0,2C02,4H20, or into a mixture of these, 
according to the concentration of the solutions and the tempera- 
ture. The basic carbonate may be obtained pure by dissolving 
zinc carbonate or oxide or metallic zinc in water containing 
carbon dioxide and boiling the solution. When boiled with an 
excess of sodium carbonate it is finally converted into anhydrous 
zinc oxide.^ 

Zinc Cyanide, Zn(CN)2, is a snow-white powder used in medicine, 
and prepared by precipitating zinc acetate with aqueous hydro- 
cyanic acid. It is insoluble in water and in alcohol, but dissolves 
in solutions of cyanide of ammonium and potassium, forming 
double salts ^ such as K2Zn(CN)4. 

Ammoniacal Derivatives of Zinc. 

303 These compounds closely resemble the corresponding 
derivatives of the cupric salts (p. 457). Zincammonium chloride, 
ZiiCl2,4NH3,H20, is obtained by adding ammonia to a solution 
of zinc chloride until the precipitate first formed redissolves, 
and on the evaporation of the solution crystallises out in nacreous 
plates. When heated to 149® it is converted into ZnCl2,2NH3, 
which crystallises in rhombic prisms, and on further heating 
loses ammonia, forming the compound ZnClgjNHg; the latter 
is an amber-coloured mass which distils at a red-heat without 
decomposition.^ 

Zinc sulphate also yields crystalline ammonia derivatives, 
having the composition : ZnS04,2NH3,H20 ; ZnS04,4NH3,4H20. 
The anhydrous sulphate also combines directly with ammonia, 

^ Kraut, Zeit. a7\org. Chem., 1896, 13, 1. 

* Sharwood, J, Amcr. Chem, Soc., 1903, 25, 570. 

® Kano, Ann. Chtm. Phys., 1839, 72, 290. 
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forming the compound ZnS04,5NH3, which is a white powder 
and is decomposed by water with separation of zinc hydroxide. 

When zinc sulphate solution is treated with excess of ammonia, 
the clear solution probably contains the complex salt, Zn(NH3)4S04 
(Dawson and McCrae). 

Detection and Estimation of Zinc. 

304 The salts of zinc do not, as a rule, impart any tint to the 
non-luminous gas-flame, but a few of the salts formed from 
volatile acids, such as the nitrate, produce a green coloration. 
The spark spectrum of zinc, however, is characteristic, and can 
be well shown by volatilising a small piece of the metal in the 
lower carbon pole of the electric lamp. Amongst the more 
prominent zinc lines are 6363 and 6102 in the red, and 4926 
and 4911 in the blue. 

The most characteristic compound of zinc is the white sulphide 
insoluble in water, in acetic acid, and in the alkalis. In the 
ordinary course of qualitative analysis zinc is thrown down to- 
gether with the other metals precipitated by ammonium sulphide, 
such as cobalt, nickel, iron, manganese, chromium, and aluminum, 
the first four being precipitated as sulphides, the last two as 
hydroxides. The well-washed precipitate is treated with dilute 
hydrochloric acid, which leaves nickel and cobalt sulphides un- 
dissolved ; the filtrate is boiled and a little potassium chlorate is 
added to remove sulphuretted hydrogen and oxidise the iron to 
the ferric state ; ammonia is then added, which precipitates the 
iron, chromium, and aluminium, as hydroxides. The filtrate is 
acidified, mixed with an excess of sodium acetate, and sulphuretted 
hydrogen passed through the solution ; zinc is thus precipitated 
as the sulphide, manganese remaining in solution. When a 
zinc compound is ignited on charcoal before the blowpipe, and 
the heated mass is moistened with a solution of cobalt nitrate 
and again ignited, a beautiful green mass, known as llinmann’s 
green, is obtained. Zinc compoimds heated in the blowpipe 
flame on charcoal with sodium carbonate yield an incrustation 
of zinc oxide, which when hot is yellow, but on cooling becomes 
white. ^ 

Small traces of zinc can be readily and accurately detected by 
Bunsen^s method of fiame-rexictions. This depends upon the fact 
that the more volatile metals, such as zinc, mercury, and arsenic, 
are reduced from their compounds when these are heated on a 
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thread of asbestos held in the upper reducing flame of the Bunsen 
burner. If a small porcelain basin, filled with cold water, be 
held just above the substance to be examined, the volatilised 
metal condenses on the outside of the cold basin as a metallic 
film, and in a few seconds the reaction is complete. A square 
centimetre of filter paper is moistened with nitric acid, and 
this rubbed over the surface of the basin so as to dissolve the 
metallic film; the paper is then rolled up, placed in a coil of 
thin platinum wire, and burned in the upper oxidising flame at 
as low a temperature as possible, when the colour of the ash 
is seen to be yellow when hot, but white on cooling. The ash 
is next moistened with a drop of dilute cobalt solution, and 
heated in the flame, when the mass attains a green colour. 

For the quantitative estimation of zinc, the solution is pre- 
cipitated with a boiling solution of sodium carbonate, the basic 
carbonate washed and dried and converted by ignition into zinc 
oxide, which is then weighed. Zinc may also be estimated 
gravimetrically by the electrolysis of an alkaline solution of the 
hydroxide, and volumetrically by titration with a standardised 
solution of sodium sulphide or potassium ferrocyanide, a solution 
of ammonium molybdate or uranium acetate being used as 
indicator when ferrocyanide is employed. 

Atomic Weight of Zinc , — This was determined by Marignac ^ 
from the quantity of zinc and chlorine contained in potassium 
zinc chloride, K 2 ZnCl 4 , his results giving an average value of 
65-25, whilst Baubigny ^ by analysis of the sulphate obtained 
the number 65-40. Morse and Burton,® from the amount of 
zinc oxide yielded by pure zinc, the metal being converted into 
the nitrate and this decomposed by heating, arrived at the 
number 65-26 ; they, however, neglected the amount of oxygen 
and nitrogen occluded by zinc oxide under these circumstances, 
and a repetition ^ of their experiments, in w^hich allowance was 
made for this source of error, gave the value 65-45. Gladstone 
and Hibbert® found the ratio of the equivalents of zinc 
and silver as determined by comparing the quantity of zinc 
dissolved and silver precipitated by the same current to be 
3-298, from which, taking silver as 107-88, the atomic weight of 
zinc is found to be 65-41. Finally, Richards and Rogers,® by the 

1 Jahresh., 1883, 42. ® Compf, rend , 1883, 97, 908. 

» Amer. Chem. 1888, 10, 311. 

* Morse and Arbucklo, Amer, Chem. J., 1898, 20, 195. 

* Jotim. Chem. Soc., 1889, 55, 443. • Zeit. anorg. Chem., 1895, 10, 1. 
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analysis of zinc bromide prepared from pure zinc oxide or 
electrolytic zinc, found the atomic weight to be 65-38. The 
value which is at present (1922) accepted is 65*37. 


CADMIUM. Cd=ii2*40. At. No. 48. 

305 This metal was discovered in the year 1817 by Stromeyer. 
He observed that a sample of zinc carbonate obtained from the 
zinc works at Salzgitter yielded an oxide which, although it did 
not contain any iron, possessed a yellow colour, and he found 
that this was due to the presence of the oxide of a new metal, 
which he soon afterwards detected in other samples of the oxide 
of zinc, as well as in metallic zinc itself. Whilst Stromeyer was 
engaged on these experiments, Hermann, in Schonebeck, also 
discovered the new metal in a sample of zinc oxide which was 
employed for pharmaceutical purposes, and which had been con- 
fiscated in Magdeburg, inasmuch as the acid solution yielded 
a yellow precipitate with sulphuretted hydrogen ; this was 
supposed to be caused by the presence of arsenic. Hermann 
showed that this supposition was not correct, and ascertained 
that a new metal was present. Soon afterwards Meissner and 
Karsten also observed the existence of the same substance. In 
1818 Stromeyer published a complete investigation of the metal, 
giving to it the name which it now bears, from cadmia fornacum, 
because the metal was chiefly found in the zinc flowers of the 
zinc furnaces. 

Cadmium not only occurs as a constituent of zinc ores, but 
likewise as sulphide in the mineral greenockite, a somewhat 
rare substance found at Greenock, Bishopstown, and Kilpatrick 
in Scotland, as well as in Bohemia and Pennsylvania. The 
quantity of cadmium contained in the various samples of 
calamine and blende varies considerably and averages less than 
0*5 per cent. 

In the process of zinc smelting the more volatile vapour of 
cadmium comes ofiE with the first portions of the zinc, and these 
vapours bum in the air with formation of the oxides of cadmium 
and zinc. The cadmium is extracted from the first portion of 
dust which is condensed in Ithe iron cones or other dust 
chambers used in connection with the adapters of the zinc 
furnaces, when sufficiently rich. This dust may contain from 1 
to 6 per cent, of cadmium, and is mixed with a suitable propor- 
tion of coal and again distilled at a low red head from retorts 
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having long sheet-iron cones as adapters ; the enriched distillate 
thus obtained may contain over 20 per cent, of cadmium. This 
product is now mixed with charcoal and distilled in small cast- 
iron or clay retorts, and the resulting metallic cadmium is cast 
into rods or ingots. 

Cadmium compounds are obtained during the purification of 
zinc sulphate solutions for the electro-extraction of zinc. 

An electrolytic method is sometimes used in the refining of 
the metal, the cadmium being deposited on platinum electrodes 
and then distilled in vacuo. 

Cadmium possesses a tin-white colour and a fibrous fracture, 
and takes a high polish. It can be easily obtained crystallised 
m regular octahedra by sublimation in a current of hydrogen 
(Kiimmerer). The pure metal obtained by electrolysing the 
sulphate and subliming the product in a vacuum forms flat 
needles or silvery six-sided plates.’ It is somewhat harder than 
tin, but may be cut with a knife. It can be easily rolled out to 
foil and drawn into wire, but when heated to 80® it becomes 
brittle. When bent it emits a crackling sound, as does tin when 
similarly treated. The specific gravity of the cast metal is 
8*546, but after hammering it attains a specific gravity of 8*667 
(Schroder).^ It melts at 321*7® ® and boils at 778®.^ Its vapour 
lias a dark yellow colour and a disagreeable smell, producing 
headache when inhaled. The density of cadmium vapour is 
3*94, and the molecule of cadmium in the gaseous state is 
therefore monatomic.^ Dilatometric measurements indicate that 
ordinary cadmium consists of two or more allotropic forms.® 

Cadmium has been obtained in the form of a deep brown- 
coloured colloidal solution in water by the electrical method ^ 
(p. 82). In its behaviour towards acids cadmium resembles zinc. 

Cadmium is employed in the preparation of certain alloys of 
low melting point, such as Lipowitz’ metal, which consists of 
eight parts of lead, fifteen of bismuth, four of tin, and three of 
cadmium, and melts at 60®. An amalgam of cadmium was 

^ Mylius and Funk, Zeit. anorg, Chem., 1896. 13, 157. 

* Seo also Kahlbaum and Sturm, Zetf. anorg. Chem., 1905, 46, 217. 

® llolbom and Day, Ann, Physik, 1900, fiv], 2, 505. 

* D. Bertholot, Compt, rend., 1902, 134, 705. 

® Doville and Troost, Compt, rend,, 1869, 49, 239. Compare Biltz, Chem, 
Centr., 1895, i.. 770. 

® Cohen and Helderman, Zeit, phyeikal, Chem., 1914, 87, 409, 419, 426; 
Cohen, thid., 431. 

^ Bredig, Zeit, physikal, Chem., 1900, 32, 127. 
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formerly used as a stopping for teeth, but is no longer employed, 
as it turns the dentine yellow. Cadmium is also employed in 
the construction of cells of standard electromotive force. 

CADMIUM COMPOUNDS. 

Cadmium Oxygen. 

Cadmous Oxide^ CdgO, may best be prepared by heating 
cadmium oxalate at 300° in a rapid stream of carbon dioxide. 
The green product thus obtained approximates closely to a 
composition of Cd40 and was formerly believed to be a definite 
suboxide of that formula.^ On heating this product in vacuo, 
the free cadmium may be distilled off, leaving Cd^O as a homo- 
geneous green mass.^ If the product of the reaction of cadmium 
on cadmic chloride {vide infra) is treated with water, lustrous 
transparent crystals first separate, which soon fall to a white 
amorphous powder of cadmous hydroxide, CdOII. This, when 
gently heated, yields cadmous oxide as a yellow microcrystalline 
powder.^ When heated more strongly cadmous oxide decomposes 
into cadmic oxide and metallic cadmium. 

306 Cadmic Oxide, CdO. — This substance forms the brown 
blaze of the zinc smelters. The metal cadmium burns with a 
bright flame when heated in the air, forming a browm oxide, w^hich 
may also be obtained by passing a mixture of steam and cad- 
mium vapour through a red-hot tube. When the metal is heated 
to w^hiteness in a current of oxygen, the oxide sublimes in dark 
red, probably cubic, crystals, and may be obtained in the form 
of a dark blue-black powder, consisting of microscopic octahedra, 
by Igniting the nitrate. It also occurs as a mineral ^ in octa- 
hedra possessing a specific gravity of 6*15. It does not melt at 
a white-heat, but is easily reduced at a moderate red-heat on 
charcoal before the blowpipe; the metal, however, volatilises 
and burns, and the oxide is deposited as a brown incrustation 
on the charcoal. The oxide formed by the combustion of the 
metal contains a trace of peroxide.® The reduction of cadmium 
oxide by carbon in nitrogen commences at 580°.® 

1 Tanatar, Zeit. anorg. Chem., 1901, 27, 432; Tanatar and I^evin, J. Russ. 
Phys. Chem. Soc., 1902, 34, 495. 

* Denham, Trans. Chem. Soc., 1919, ll5, 556. 

® Morse and Jones, Amer. Chem. J., 1890, 12, 488; Denham, loc. at.; 
compare Canzoneri, Gazz., 1897, 27. ii, 486. 

* Neumann and Wittich, Chem. Zeit., 1901, 25, 561. 

» Manchot, Ber., 1906, 39, 1170. 

* Docltz and Graumann, Metallitrgie, 1907, 4, 419. 
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Cadmic Hydroxide^ Cd(0H)2, is obtained as a white pre- 
cipitate by the addition of a soluble salt of cadmium to caustic 
potash. The hydroxide absorbs carbon dioxide from the 
air, and at 300° is resolved into the oxide and water. It is 
soluble in a solution of ammonia, a complex hydroxide probably 
being formed,^ as in the case of zinc hydroxide. 

This oxide and hydroxide correspond to the only series of 
cadmium salts definitely known, which are for the most part 
colourless salts closely resembUng those of zinc. The soluble 
ones have a disagreeable metallic taste, and act as emetics. A 
series of cadmous salts appears, however, to exist, as the 
cadmic halogen compounds when heated with cadmium yield 
salts having strongly reducing properties. These have not 
been obtained pure, the products appearing to consist of 
mixtures of cadmous and cadmic salts. 

Cadmic Salts. 

307 Cadmium Chloride, CdCl2. — This salt is obtained by 
evaporating a solution of the metal or oxide in hydrochloric acid. 
The hydrated chloride, CdCl2,2|H20, is deposited in the form 
of rectangular prisms which readily effloresce on exposure to the 
air, and on heating lose water and melt at 590° (Ruff and Plato), 
The transparent pearly mass of the anhydrous chloride sublimes 
at a higher temperature in transparent micaceous laminae. Its 
specific gravity at 25°/4° is 4*047.^ 

Hydrates with 5, 4, 2J, 2 and 1 mol. H2O have been described, 
but the existence of those with 5 and 2H2O is doubtful (Dietz). 
The hydrate with 4H2O passes into that with 2^H20 at -5°, 
and the latter is converted into the monohydrate at 34°. The 
saturated solution contains in 100 parts of water ® : 

At 0^ 30'^ 60° 80° 100° 

CdCla 90 128-6 136-8 140-4 147. 

Cadmium chloride combines with ammonia to form the un- 
stable compound CdCl2,6NH3, a bulky powder, which passes 
at about 62° into CdCl2,2NH3; this may also be obtained 
by evaporating a solution of the chloride in aqueous ammonia ^ 

^ Kulor, Bcr., 1903, 36, 3400; Da\^8on and McCrae, Journ. Chem. Soc , 1900, 
77, 1239; Bousdorff Zeti. anorg, Chem., 1904, 44, 132. 

* Baxter and Hines, Amer. Chem. J., 1904, 31, 220. 

* Dietz, Zeit. anorg, Chem., 1899, 20, 267. 

< Lang and Rigaut, Journ. Chem. Soc., 1899, 76, 883. 
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or of the hydroxide in ammonium chloride.^ It is inodorous, 
and is stable up to 210°. 

Cadmium Iodide^ Cdig, is obtained by dissolving the metal 
in hydriodic acid, or by digesting it with iodine and water. It 
crystallises in large transparent six-sided anhydrous tablets, 
which do not undergo alteration on exposure to the air. It melts 
at 350° (Ruff and Plato), and gives ofE iodine when heated to 
a higher temperature. It dissolves readily in water and alcohol. 
Its specific gravity is 5-61-5-73.2 One hundred parts of water 
dissolve (Dietz) : 

At 18° 50° 100° 

Cdlg 85-3 97-4 127-6. 

Iodide of cadmium is used in photography, being one of the 
few iodides soluble in alcohol. 

Cadmium Sulphide, CdS. — Cadmium sulphide occurs in yellow 
hexagonal glittering crystals as greenockite. It is obtained as a 
fine yellow precipitate w'hen a cadmium salt is precipitated with 
sulphuretted hydrogen, this precipitate being employed as a 
pigment. It melts at a white heat, and forms on cooling a 
lemon-yellow, micaceous mass, having a specific gravity of 4-86. 
Heated in the electric furnace, it yields crystals of greenockite.® 
It is soluble in strong hydrochloric and nitric acids, and in 
boiling dilute sulphuric acid. 

According to Buchner,^ two modifications of cadmium sul- 
phide exist ; the a variety is precipitated in a fairly acid solution 
by means of sulphuretted hydrogen, and the fd variety, which 
resembles red lead, is precipitated in very acid solutions. This 
modification changes to the a form when heated. 

Cadmium Sulphate, CdS04. — A concentrated solution of 
cadmium sulphate, when allowed to evaporate spontaneously, 
deposits large monoclinic crystals, having the composition 
3CdS04,8H20. This hydrate is stable in contact with its 
saturated solution up to 74°, at which temperature it passes 
into the monohydrate, a microcrystalline powder, the solu- 
bility of which diminishes with rise of temperature. A 
nietastable hydrate with 7H2O is also known.® The normal 

^ Grossmanm, Zeit. anorg, Chem., 1902, 33» 149, 

* Cora par© Snell, J, Amer, Chem, Hoc., 1907, 29, 1288. 

* Mourlot, Compt. rend., 1890, 123, 54; cf. Tiede and Schloedo, Ber., 1920, 
63B, 1717. 

* Chem. Zeit., 1891, 16, 329. 

^ Mylius and Funk, Ber., 1897, 30, 824. 
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salt when heated yields a basic compound, S02[0Cd(0H)]2, 
sparingly soluble in water, and crystallising in pearly scales. 
One hundred parts of water at 23° dissolve 69 parts of the 
anhydrous normal salt, and at the boiling point a somewhat 
larger quantity. Crystallised cadmium sulphate is used in 
diseases of the eye and in the “normal cadmium cell/' Stable 
crystalline compoimds of the composition 3CdS04,4H20,4HCl 
and 3CdS04,8HCl have been described.^ 

Cadmium Amide, Cd(NH2)2, is prepared by the action of excess 
of cadmium thiocyanate or potassium cadmium cyanide upon 
potassamide in liquid ammonia solution. It is a white powder 
which reacts violently with water, explodes on heating suddenly 
giving metallic cadmium, and heated at 180° in a vacuum loses 
ammonia to form the nitride, CdjNg, a black amorphous powder 
which explodes in contact with water. If in the above prepara- 
tion excess of potassamide is used, potassium ammonocadmiate, 
Cd(NHK)2,2NH3, is formed.^ 

Cadmium Nitrite, Cd(N02)2, prepared from cadmium chloride 
and silver nitrite forms bright pale yellow crystals which decom- 
pose slowly at 160° forming cadmium oxide and nitrate and 
nitric oxide.^ 

Cadmium Nitrate, Cd(N03)2,4H20, crystallises in fibrous 
needles, which melt at 69*6°, deliquesce in the air, and are 
soluble in alcohol.^ 

Cadmium Carbonates, — Minute rhombohedral crystals of the 
normal carbonate, having the sp. gr. 4-96, can be obtained by 
adding excess of ammonium carbonate to a solution of cadmium 
chloride, and then just enough ammonia to dissolve the precipi- 
tate, and heating on the water-bath.® The white precipitate 
obtained by addition of an alkali carbonate to a soluble cadmium 
salt possesses a varying composition, according to the tempera- 
ture at which the precipitation takes place and the amoimt of 
precipitant employed. With an excess of potassium carbonate 
in the cold the precipitate possesses nearly the composition of 
the normal salt. 

^ Baskcrvillo and Hairis, J. Amer. Chem. Soc., 1901, 23, 894. 

2 Bohart, J. Physical Chem., 1915, 19, 537. 

3 Biiy, Journ. Chem. Soc., 1917, 111, 159. 

^ Funk, Zeit. anorg. Chem., 1899, 20, 414. See also Puschin, J. Russ. Phys. 
Chem. Soc , 1905, 87, 382. 

® do Schulten, Bull. Soc. franc. Min., 1897, 20, 195. 
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Detection and Estimation of Cadmium. 

308 Cadmium salts do not impart any tint to the non-luminous 
gas-flame. The cadmium spectrum is well seen when the 
metal is volatilised in the electric arc ; the most prominent lines 
being 6438 in the red, 5378 and 5338 in the green, and 6085, 
4800, and 4677 in the blue. 

The yellow sulphide of cadmium is the most characteristic 
compound of the metal. This is insoluble in dilute acids in 
the cold, and hence may be easily distinguished from zinc as 
well as from the other metals already described. Cadmium 
sulphide can easily be distinguished from other yellow sulphides, 
such as those of tin, antimony, and arsenic, by its insolubility 
in ammonium sulphide and in the caustic alkalis. The method 
of separating cadmium from the other metals precipitated by 
sulphuretted hydrogen will be discussed under these several 
metals. It may suffice here to remark that cadmium hydroxide, 
like the corresponding copper compound, is soluble in ammonia, 
and that these two metals are frequently obtained together in 
the process of analysis. In order to separate them, two methods 
may be employed. In the first place potassium cyanide may 
be added to the blue ammoniacal solution until this becomes 
colourless ; sulphuretted hydrogen is then passed through, when 
the cadmium sulphide is completely precipitated. Or, in the 
second place, the metals may be both precipitated as sulphides, 
and the washed precipitate boiled with a mixture of five parts 
of water and one part of concentrated sulphuric acid, which 
dissolves the cadmium sulphide. 

The quantitative estimation of cadmium is usually made by 
precipitating the carbonate from the boiling solution with 
sodium carbonate ; this is then dried and converted by ignition 
into the oxide, preferably on an asbestos filter in a Gooch 
crucible, which is afterwards weighed. Cadmium may also be 
estimated as the sulphide, which is dried at 100® and then 
weighed. 

Atomic Weight of Cadmium , — The atomic weight of cadmium 
was found by Huntingdon ^ from the analysis of the bromide to 
be 112*18. Morse and Jones obtained the number 112*07, but a 
repetition of the experiments,® in which allowance was made for 
the oxygen and nitrogen occluded by the oxide (compare Zinc, 

1 Ber., 1882, 15. 80. 

* Morse and Arbuckle, Amer, Chtm, J,, 1898, 20, 536. 
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p. 683), led to the higher value 112-37. Baxter, Hines, and 
Freuert, by the analysis of the chloride ^ and bromide, ^ obtained 
the number 112*42. The determination of the atomic weight 
from the weight of metal electrolyticaUy deposited from a 
solution of the oxide, chloride, or bromide ® has led to the lower 
number 112-04, which is probably inaccurate, for Perdue and 
Hulett,^ from electrolytic analyses of cadmium sulphate, conclude 
that the atomic weight is 112*3. Baxter and Hartmann ® purified 
cadmium bromide by recrystallisation, converted to chloride and 
deposited cadmium electrolyticaUy upon a mercury cathode, 
thus obtaining the value 112*417. The number at present (1922) 
accepted is 112*4. 


MERCURY. Hg= 200*6. At. No. 8o. 

309 We do not find this metal mentioned either in the books of 
Moses or in the writings of the older Greek authors. Theophrastus 
(b.c. 300) speaks of liquid silver or quicJcsiher dpyvpo<;), 

and says that it is obtained by rubbing cinnabar with vinegar in 
a copper vessel. Dioscorides, in the first century, mentions this 
body as vSpdpyvpo<; (from vScop, water, and apyvpo<;, silver), and 
states that it is obtained by subliming cinnabar and charcoal in 
an iron pot, upon which a cover is luted. Pliny, who named the 
material thus obtained hydrargyrmn, in contradistinction to the 
native mercury, to which he gave the name of argentum vimim, 
was acquainted with the fact that all solid bodies, with the 
exception of gold, floated on the surface of the hquid metal. 
Isidorus, in the beginning of the seventh century, was also 
acquainted with the properties of mercury, as is seen from the 
following extract : “ Argentum vivum servatur melius in vitreis 
vasis, nam caeteras materias perforat.’* 

Mercury was known to the older alchemists, who were much 
interested in the examination of its properties, inasmuch as 
they believed this body, or some substance closely resembling it, 
to be one of the component parts of all metals. They were 
acquainted with the method of purifying it by distillation, and 

^ ZeiL anorg, 44, 158. 

* J, Amer» Chem. Soc,, 1906, 28, 770. 

* Lorimor and Smith, Zeit. anorg. Chem.f 1891, L 304; Hardin, J, Arner. 

Chem. JSoc., 1896, 18 , 990. ^ 

* J. Physical Chem.t 1911, 15 , 156. See also Richards, J, Amer. Chem. Soc., 
1911, 33, 888. 

* J. Amer, Chem, Soc,, 1915, 37 * 113; but see Hulett and Quinn, t5id.,2046. 
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they knew how to prepare many of its compounds. During 
the epoch of iatro-cheniistry, the properties of the mercury 
compounds were more minutely examined, especially with 
regard to their medicinal effects. Agricola regarded mercury 
as a metal, but Libavius placed it amongst those qua 0 metallis 
sunt affinia,’’ thus connecting it with bismuth, arsenic, galena, 
cinnabar, and other bodies. Even at a later date many chemists 
held similar views; thus Brandt in 1735 spoke of it as a semi- 


Fio. i75. 

metal, and indeed it was not reckoned as a true metal until 
Braune, of St. Petersburg, in the winter of the year 1769, found 
that it solidified when exposed to a freezing mixture made of 
snow and nitric acid. 

Mercury occurs in the native state, though in small quantity 
as compared with its other ores. It is found in globules dis- 
seminated through the native sulphide in the Palatinate, in 
Carniola, Hungary, Peru, California, Mexico, and other countries. 
It also occurs as silver- and gold-amalgam, as the iodide and 
chloride, and it is found occasionally in certain fahl-ores. The 
most important ore of mercury is the sulphide, or cinnabar. 
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The most celebrated mercury mines are found at Idria in 
Austria, Almaden in Spain, in California, especially the Pioneer 
Mine in Napa Valley, at Kweichow in China, Monte Amiata in 
Italy, in Texas and in Russia. 

310 Most of the mercury of commerce is obtained by the treat- 
ment of cinnabar ; and the chief method of extraction is roasting 
with an excess of air, by which means the sulphur is oxidised to 
sulphur dioxide, and the metallic mercury is driven ofE as vapour. 
This roasting process is carried out in shaft furnaces, reverbera- 
tory furnaces, or muffles, and the mercury vapour is condensed 
in earthenware pipes, water-cooled chambers of iron, or air-cooled 
chambers made of brick or wood and glass. A certain quantity 
of the mercury always condenses as a mercurial soot, which has 
to be re-treated for the extraction of the metal. 

Of the older processes, in which the loss of mercury was 
excessive, sometimes amounting to 50 per cent., only the aludel 
furnace, used at Almaden, has survived. This furnace is shown 



Fio. 176. 


in Fig. 174, and consists of a shaft B, containing a perforated 
arch k, beneath which is the fireplace A. The air necessary for 
oxidation enters at the fire-door D. The mercurial vapours 
pass through a series of six openings /, into tubes made of 
earthenware, called aludels. These are open at both ends, and 
fit into one another in a similar way to the condensers employed 
in the manufacture of iodine. The aludels are arranged one 
behind the other, first in a descending, and then in an ascending 
position on arches of masonry (Figs. 174 and 175); the greater 
part of the mercury condenses in and runs from the aludels a 
(Fig. 175) into the channel 6 , and then into the cisterns rr. 
The shape and arrangement of the aludels is shown in Fig. 170. 
A small quantity of mercury vapour passes on into the chamber 
0 , where it condenses, coming in contact with water contained 
in the vessel i. 

The mercury thus obtained is filtered through linen, and 
exported, generally in iron bottles, but sometimes in leather 
bags. 

For the treatment of finely divided ores the Granzita furnace,^ 
^ Rng. Min. Joum.^ 1885, 174. 
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Fig. 177, consisting of four shafts, with one fireplace (J) common 
to all, is used, 


Fig. 177. 


The shafts contain a number of indiiird shelves, sloping 
at an angle of 45® in alternately opposite directions, to prevent 
the free fall of the ore. The flames from the fire, together with 
air, pass in the opposite direction to the ore and heat the shelves. 
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The distillation residues are removed from the furnace by means 
of eight openings {u) near the bottom, one ton being removed 
every 40 minutes, and a corresponding amount of fresh ore charged 
at the same time, by means of the hoppers [t t). 

The mercurial vapours are condensed by passing through 
brick chambers, cooled by means of cast-iron water-backs let 
into the sides; these are followed by towers built of glass and 
wood, and from these the gases escape into a brick tower and are 
finally forced into a stack by means of a fan. 

For the treatment of lump ore, true shaft furnaces, worked 



Figs. 178 and 179. 

coiitiiioiisly, are now largely used, in which the ore and fuel 
come into direct contact. One of the best examples of 
these modern furnaces is the Novak, shown in Figs. 178, 179, 
in which a are the openings for drawing out the residues, 6 is a 
ridge on the bottom, containing numerous holes, through which 
air passes into the furnace, c is the charging hopper, and d the 
pipe through which the gases and vapours escape. Charcoal is 
the fuel generally used, and is mixed with the ore before charging. 
The condensers usually employed consist of Y-shaped tubes of 
earthenware, cooled with water. 

The following table shows the world’s production of mercury 
in metric tons during the year 1919.^ 

^ Imperial Mineral Resources Bureau, Statistical Summary, 1921. 
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Austria . . 

980 

Hungary . 

104 

Italy 

931 

Spain 

1351 

Mexico 

131 

China 

88 

United States 

800 


31 1 The mercury of commerce usually contains a certain 
proportion of dissolved foreign metals, and these impurities give 
rise to the ‘‘ tail ” seen when the metal is allowed to run over a 
slightly inclined surface. Impure mercury, when shaken with 
air, yields a black powder consisting of minute globules of 
mercury each enclosed in a film of the oxides of the foreign 
metals. The surest mode of freeing mercury from these 
foreign metals is to distil it, the surface being covered witli 
iron filings to prevent the spitting bf the metal, which, however, 
cannot be completely avoided. It is a curious fact that when 
small quantities of lead or zinc are present in the mercury tlie 
rate of distillation is much diminished. The distillation is 
frequently carried out in vacuo, numerous forms of apparatus 
for this purpose having been proposed.^ Mercury may be more 
easily purified by treating it with dilute nitric acid, the impur- 
ities being thus dissolved. For this purpose ^ the metal is 
allowed to flow in a very thin stream from a capillary opening 
in a drawn-out glass funnel into a wide glass tube 1-25 m. liigh 
and 5 cm. in diameter, which contains 5 per cent, nitric acid. 
A narrow tube is fastened to the bottom of this and bent upwards 
and then at right angles, from which the pure metal^ flows. 
The above operations may have to be repeated several times, 
and the metal, if pure, must leave no residue when dissolved in 
pure nitric acid, evaporated to dryness, and ignited. It may 
also be purified by being placed in a long, slightly inclined tube, 
through which air is drawn for several days, whereby the 
impurities are oxidised, and separate as a scum on the surface, 
or by drawing a rapid stream of air through mercury placed 
in .a filter-flask and covered by a layer of 5 per cent, nitric 
acid. 

Pure mercury possesses a silver-white colour. It is liquid at 
ordinary temperatures, and the globules retain a perfectly 

^ See Hiilrtt, Zeit. phjsikaL Chem., 1900, 33» Oil. 

* L. Meyer, ZeiL anal. Chem., 1803, 2, 241. 
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spherical shape. The freezing point of mercury was first deter- 
mined by Hutchins in 1783, at Fort Albany, in Hudson’s Bay 
Territory, according to instructions received from Cavendish ; ^ 
its melting point is —38*86°. In the act of freezing, mercury 
contracts considerably, giving rise to a solid, tin-white, ductile 
malleable mass, crystallising in octahedra, capable of being cut 
with a knife, and having a specific gravity of 14*1932 at its freezing 
point,2 and of 14*383 at —188° (Dewar). 

The liquid metal is transparent when in very thin films, and 
transmits violet-blue light (Melsens). When a powerful stream 
of water is poured from a height of a decimetre on a mass of 
from 15 to 20 kilos, of mercury, bubbles of the metal, of about 
1 cm. in diameter, are seen swimming on the surface of the water. 
These consist of very thin films of mercury through which blue 
light is transmitted : they soon burst and leave behind a very 
small globule of the metal. 

The specific gravity of mercury at 0°/4° is 13*59545,^ at 100° 
13*3522, and at 360° 12*7405.^ The boiling point of mercury, 
according to Regnault’s observations, is 357*25°. Baker ® has 
shown that if the metal is dried for nine years over phosphorus 
pcntoxide the boiling point is raised to 425°. The metal gives 
a colourless vapour, which has a specific gravity, according 
to the experiments of Dumas, of 6*976, or according to those of 
Bineau, of 6*7 : the molecule of mercury in the gaseous condition 
is, therefore, like those of zinc and cadmium, monatomic. The 
critical temperature of mercury lies between 1500° and 1650°.® 
In spite of its high boiling point, mercury volatilises perceptibly 
at the ordinary temperature, both in a vacuum and in air, as 
proved by the ‘‘ silvering ” of gold-leaf kept for two months in a 
vessel over mercury (Faraday) ; and Merget has shown that even 
at — 44°, when mercury is solid, it still possesses a distinct 
vapour pressure. The vapour pressure of mercury, as determined 
by Ramsay and Young,’ is given in the following table, the numbers 
below 220° being calculated by extrapolation : 


^ Phil Trans., 1783, 73, 303. Consult Blagden, History of the Congelation 
ot (Quicksilver,’* tbid., 329. 

2 Mallet, Pror, Roy. Sue., 1877, 26, 77. 

® Thiesen ami Scheel, Zeit. Pistrumentenkunde, 1898, 18, 138. 

* J^ndolt-Born<^tein-Roth, Physikaltsch-Chemische Tahcllen. 

® Journ. Chem. Soc., 1922, 121, 608. 

® Bonomarov, ZeiL anojg. Chan., 1914, 89, 383. 

’ Journ. Chem. Soc., 1880, 49, 37. See also Horz, Ann. Phys. Chan., 1882, 
17, 193 ; Morley, Ze\t. fhysikal. Chem., 1904, 49, 95. 
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Temperature. 

Pressure 

Temperature. 

Pressure 

C. 

in mm. 

C. 

in mm. 

40° . 

. . 0-008 

240° . . 

. 56-92 

80 . 

. . 0-092 

260 . . 

. 96-66 

100 . 

. . 0-270 

280 . . 

. 157-35 

120 . 

. . 0-719 

300 . . 

. 246-81 

140 . 

. . 1-763 

320 . . 

. 373-67 

160 . 

. . 4-013 

340 . . 

. 548-64 

180 . 

. . 8-535 

360 . . 

. 784-31 

200 

. . 17-015 

400 . . 

’ 1495-60 

220 . 

. . 31-957 

450 . . 

. 2996-06 


The vapour pressure at 0"^ C. probably does not exceed 0*0002 mm. 

WTien mercury is contaminated with oxide or its halogen 
derivatives it adheres to glass, forming a bright mirror (Shen- 
stone). 'When shaken with various liquids, or when triturated 
with sugar, sulphur, or other bodies, the liquid metal is 
obtained in a very finely divided state, being converted into a 
grey powder. This was formerly termed Aefhiops per se. This 
act of fine division is termed the extinction ’’ or “ deadening 
of mercury. Grey mercurial ointment is formed by rubbing up 
mercury and fat together, and in this preparation the mercury is 
in the form of globules having a diameter of 0*002 to 0*004 mm. 
Mercury is not attacked by dilute hydrochloric or sulphuric 
acid, but is readily dissolved by nitric acid and by hot concen- 
trated sulphuric acid. It is readily attacked by dry chlorine, 
bromine, or iodine,^ 

Mercury has been obtained in the colloidal form by the reduc- 
tion of mercurous nitrate by stannous nitrate in the presence 
of ammonium citrate, as a black precipitate which forms a deep 
brown solution in water.^ 

Mercury is largely used in connection with the manufacture 
of physical and chemical apparatus, for collecting gases which 
are soluble in water, for the preparation of mirrors, for the 
amalgamation and extraction of silver and gold, for the prepara- 
tion of the mercurial compounds, and in the electrolytic pro- 
duction of caustic soda. 

Alloys op Mercury or Amalgams. 

312 The general properties of these alloys have already been 
given on p. 97 of this volume. 

^ Shenstone, Journ, Chem, Soc,^ 1897, 71, 483. 

* Lottermoser, J, pr, Chem., 1898, [2], 67, 484, 
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Sodium Amalgam. — Sodium combines violently with mercury, 
evolving light and emitting a hissing noise. One part of sodium 
in 100 parts of mercury forms an amalgam having an oily 
consistency, but with 80 of mercury to 1 of sodium a pasty mass 
is obtained, and with smaller quantities of mercury a hard and 
crystalline amalgam is formed. 

The existence of many compounds of sodium and mercury 
has been deduced from the freezing-point curve of these two 
elements, and some of these have been separated and analysed 
(p. 98). The compound of highest melting point has the formula 
NaHg 2 , and melts at 360®, the melting point being lowered by 
the addition of either mercury or sodium.^ 

The amalgams of the alkali metals decompose slowly on expo- 
sure to moist air and water, and amalgamate iron and plati- 
num. Sodium amalgam is sometimes employed in the processes 
of extracting silver and gold, and frequently in organic chemistry 
as a reducing agent. 

Potassium Amalgam. — Potassium combines with mercury 
with evolution of heat but without incandescence, forming a 
silver-white compound, which is liquid when it contains one 
part of potassium to about seventy parts of mercury, but be- 
comes solid when it contains more potassium. The existence 
of several compounds of potassium and mercury has been deduced 
from the thermal diagram of these elements and some of these 
have been separated and analysed (p. 98). The compound 
KHg 2 , wliich melts at 269-8®, is the amalgam of highest melting 
point formed by these two elements.^ 

Ammonium Amalgam, — This compound, discovered at the 
same time by Berzelius and Pontin,® and by Seebeck,^ has 
already been described (p. 391). 

The Amalgams of the Aklaline Earth Metals are easily formed 
by direct union of the elements, and have also been prepared by 
the electrolytic method (p. 98). 

Magnesium Amalgam may be prepared by heating the two ele- 
ments together. It decomposes water very energetically, and 
has been employed as a reducing agent in organic chemistry. 

Copper Amalgam. — If copper foil is rubbed with a solution 
of nitrate of mercury it becomes covered with a bright, lustrous 


^ See Kiimakoff, Zcit. anorg. Ckem., 1900, 23, 439; Kerp and Bottger, ibid., 
1900, 26, 1 ; Schuller, ibid., 1904, 40. 386. 

* Janocke, Ztit phymkal. Chem., 1907, 58, 245. 

* QilberCs Ann., 6, 260. * Gehlen, Neu. AUg. Joum. Chem., 5, 482. 
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coating of the metal, and if a line be drawn with this solution 
on a piece of brass foil and the foil bent at this place, it can 
easily be broken, as the mercury very soon penetrates the metal 
and renders it brittle. Copper amalgam is obtained by rubbing a 
copper rod with the nitrate solution, and then allowing it to 
remain in contact with mercury under warm water. All the 
copper amalgams which contain from 25 to 33 per cent, of 
copper, when heated to 100°, become plastic when rubbed in 
a mortar. After from ten to twelve hours the amalgam loses 
its plasticity and assumes a granular, crystalline structure, and is 
hard enough to engrave upon tin. Its density is the same in 
the soft and hard states and, therefore, it does not expand or con- 
tract in liardening, and thus, when hard, fills cavities into which 
it has been pressed in the soft state. This amalgam is u?ed for 
stopping teeth, but the copper which it contains renders it 
objectionable on account of its tendency to blacken. It is also 
used for sealing bottles, glass tbbes, etc., when other plastic 
substances, such as cork, cannot be used, as well as for taking 
impressions of engraved metal work. 

Silver Amalgam occurs as a mineral at Moschellandsberg, in 
the Palatinate, and crystallises in the regular system. It is 
artificially prepared as the silver tree {arbor Dianrv) by pouring 
mercury into a solution of silver nitrate. The composition of 
the product thus deposited as well as that of the natural 
amalgam varies considerably (p. 98). 


COMPOUNDS OF MERCURY. 

313 Mercury forms two chief series of compounds, the 
mercuric compounds, in which the metal is divalent, and the 
mercurous compounds, in which each atom of the metal replaces 
only one of hydrogen. 

The mercuric comj)ormds are obtained in many cases by tlu^ 
action of an excess of acid on metallic mercury. They are 
converted by reducing agents into mercurous salts, which are 
further reduced to metallic mercury in presence of an excess 
of the reducing agent. The soluble salts have a metallic taste, 
redden blue litmus, and are extremely poisonous. 

The molecular weights of several of these salts have been 
determined by the vapour density method, and by the cryoscopic 
and ebullioscopic methods, and have been found to be normal, 
corresponding with the general formula HggX^a* 
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Mercurous compounds are formed by the action of mercury 
or some other reducing agent on mercuric compounds, as well as 
ill some cases by the action of acids on excess of mercury. 
They very readily dissociate in solution into metallic mercury 
and a mercuric compound,^ this reaction being a reversible one 
and leading to a state of equilibrium between the mercurous 
and mercuric ions present. Thus, when excess of mercury 
is shaken with a faintly acid solution of mercuric nitrate at 25°, 
about 1/240 of the mercury in solution is finally present as 
mercuric salt and the remainder as mercurous salt, these two 
salts being about equally dissociated.^ 

The halogen derivatives with the exception of the fluoride 
are insoluble in water; the salts with oxy-acids dissolve only 
in presence of free acid, pure water converting them into 
soluble acid salts and insoluble basic salts. They have a 
metallic taste, and are poisonous, although less so than the 
mercuric salts. 

The true molecular formula of the mercurous compounds has 
been the subject of much discussion, some authorities main- 
taining that these compounds have the general formula HgX^ 
and others supporting the double formula, HggX^g- 
former case mercury in these compounds must be supposed to 
act as a monad, in the latter it may be present as a dyad, as 
shown in the constitutional formula X^-Hg-Hg-X^ The vapour 
density of mercurous chloride corresponds with the formula 
IlgCl, but it has been shown by Harris and V. Meyer ^ that the 
vapour is a mixture of mercury and mercuric chloride, formed 
by dissociation from the mercurous chloride. If the vapour of 
calomel be passed through a porous tube, the mercury diffuses 
through the latter and condenses in globules, whilst the portion 
which finally condenses inside the tube contains an excess of 
mercuric chloride. Further, if solid potash be placed in the 
vapour, it is immediately coated with yellow mercuric oxide, 
and does not show even a momentary formation of the dark 
mercurous oxide. The vapour density, therefore, cannot be taken 
as a proof of the molecular formula HgCL 

Baker ^ has, however, found that very carefully dried mercurous 

^ llada, Journ, Client, Soc., 1896, 69, 1667. 

® Abol, Zeit. anorg. Chem.^ 1891, 26, 361. 

® Ber., 1894, 27, 1482; 1896, 28, 364. See also Smith and Menzies, J, Amer, 
Cheni, Soc., 1910, 32. 1541. 

* Journ. Chem. Soc., 1900, 77, 646. 
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chloride volatilises without dissociation, yielding a vapour the 
density of which corresponds with the formula HggClg. 

Beckmann,^ by cryoscopic measurements, has shown that 
mercurous chloride, dissolved in fused mercuric chloride, has 
the formula HggClg. 

The view that the mercurous compounds contain two atoms 
of divalent mercury in the molecule is also confirmed by the 
work of Ogg,2 who has shown by a study of the equilibrium 
between mercury, mercurous nitrate, and silver nitrate, and from 
various properties of solutions of mercurous nitrate, that this 
salt in solution yields the divalent ion Hg-Hg, and therefore 
probably has the formula Hg2(N03)2. 


Mercury and Oxygen. 

ik 

314 These elements form three compounds : 

Mercurous oxide, HggO. 

Mercuric oxide, HgO. 

Mercury peroxide, Hg02. 

Mercurous Oxide, HggO. — This compound, also called sub- 
oxide or grey oxide of mercury, is easily obtained by the 
action of caustic alkalis in excess on a mercurous salt. It is a 
blackish-brown powder, which by the action of light and a 
moderate temperature, as well as when brought in contact with 
different saline solutions, is decomposed into the metal and the 
monoxide ; at 100^ it unites with oxygen.® It corresponds with 
the series of mercurous salts. 

Mercuric Oxide or Mercury Monoxide, HgO ; commonly termed 
Red Oxide of Mercury, or Red Precipitate, — This compound was 
known to the Latin Geber, who obtained it by heating mercury 
in the air for a long time. It was afterwards known by the 
name of mercurius prcecipitatus per se. The same compound is 
formed when a solution of mercury in nitric acid is evaporated, 
and the residue heated ; the compound thus prepared was called 
by Raymond Lully mercurius prcecipitatus ruher. 

When mercury is exposed in a glass flask with a long neck 
for several weeks to a temperature somewhat below its boiling 
point, small red crystals of the oxide appear on the surface, and 

* Zeit. anorg, Chem,, 1907, 65, 175, 

* ZetU •p^yaxkaL Chem,, 1898, 27, 285. 

‘ Colson, Compt, rend,, 1899, ISS, 1104. 
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this product, which has a dark-red colour and is highly crys- 
talline, increases gradually in quantity. Mercuric oxide is 
prepared on the large scale by heating an intimate mixture 
of mercury and mercuric nitrate until no further red fumes are 
given off: in this way it is obtained in the form of bright 
brick-red, crystalline tablets, which have a specific gravity at 4° 
of 11*136 (Joule and Playfair). 

When a solution of a mercuric salt is precipitated by caustic 
potash or soda, a yellow precipitate is obtained which, when 
dried in the air, consists of microscopic square tablets of the 
anhydrous oxide. The loss of weight at 175°, which led to the 
conclusion that this substance was a hydroxide,^ is in reality 
due to partial decomposition of the oxide. ^ The yellow and red 
oxides are regarded by many chemists as differing only in the 
size of their particles, ^ but according to Schoch they possess 
different crystalline forms, and the dissociation pressure of the 
yellow oxide at 300° is considerably greater than that of 
the red oxide. When heated at 250 — 600° it is converted into 
the red oxide with simultaneous partial decomposition into 
mercury and oxygen. The yellow oxide has been employed as a 
standard in acidimetry,^ as by treatment with potassium iodide 
it yields an equivalent quantity of pure potassium hydroxide. 

Mercuric oxide is a powerful poison, it possesses an un- 
pleasant metallic taste and an alkaline reaction, and is slightly 
soluble in water. When heated it first changes to a dark 
cinnabar-red colour, and afterwards assumes a black tint, but 
on cooling it resumes its original appearance. At a red heat it 
decomposes into its elementary constituents, and on cooling 
these partially recombine. 

When the oxide is heated with sulphur explosions occur, and 
it is also decomposed when brought in contact with fused 
sodium, with evolution of light and heat. 

Mercuric oxide is used in medicine, and is valuable for 
various purposes in chemical analysis. 

Mercury 'peroxide^ HgOg, is prepared in small quantities by the 
catalytic decomposition of hydrogen peroxide by means of 

^ Camelley and Walker, Joum, Chem, Soc,, 1888, 53, 80. 

* Sohoch, Amer, Chem. J., 1903, 29, 319. 

* Ostwald and Mark, Zeit, physxkal. Chem., 1895, 18, 159; Ostwald, tbtd,, 
1900, 34, 495 ; Koster and Stork, JRec. trav. chtm., 1901, ii., 20, 394 ; Schick, 
Zett. physikcd. Chem., 1902, 42, 155. See also Cohen, Proc. K. Akad. Wetensch. 
Amsterdam, 1899, 2, 273, 458. 

* Incze, Zeit. anal, chem., 1917, 56, 177. 
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mercury ; ^ it may be prepared also by the interaction of alcoholic 
mercuric chloride, hydrogen peroxide, and alcoholic potash.^ 
The anhydrous peroxide is an amorphous, brick-red powder 
which is fairly stable in air. It is slowly decomposed by 
water. 


Mercurous Salts. 

315 Mercurous Fluoride^ HggFg, is produced by the action of 
hydrofluoric acid on mercurous carbonate, or of silver fluoride 
on calomel.^ It is a yellow, crystalline salt, blackened by light, 
and soluble in water. 

Mercurous Chloride, Hg2Cl2, is commonly known as calomel. 
Calomel occurs as a mineral termed horn-quicksilver, found 
at Moschellandsberg, Idria, Almaden, and other places, crystal- 
lising in rhombic prisms. The artificial substance has been known 
for a long time, and it appears to have been used in the sixteentli 
century as a medicine, known by the name of Draco mitigatus, 
Manna metallorum, Aquila alba, or Mercurius didcis. It after- 
wards received the name calomel, which it now bears, from 
KaXofM€\a<f, a fine black colour, because it turns black when 
acted upon by an alkali. 

Mercurous chloride is formed by the direct union of its 
elements, and also by the action of hydrochloric acid or common 
salt solution on a dilute solution of mercurous nitrate. In order 
to prevent a basic nitrate being carried down with the insoluble 
chloride, an excess of hydrochloric acid or salt solution must be 
added, and the liquid must be warmed with the precipitate for 
some time. In this way it is obtained in the form of a yellow- 
ish-white, impalpable powder. 

Calomel is commonly prepared by sublimation. For this 
purpose an intimate mixture of mercuric chloride (corrosive 
sublimate) and mercury in the right proportions is heated. 
Another, and now nearly obsolete process, is to rub up dry 
mercuric sulphate in a mortar with as much mercury as it 
already contains, and an equal quantity of common salt, until 
the globules disappear and a uniform mixture is produced. 
This is then sublimed, the vapour of calomel being carried 
into an atmosphere of steam or into a chamber containing 
air, where it is condensed in a finely-divided form; thus the 

^ AntropofT, Zeit. Elektrochem,, 1900, 12» 585. 

* Fellini, AUi R, Accad, Lincei, 1907, fv], 16, ii., 408. 

* Fmkener, Pogg, Ann., 1800, 110, 142. 
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labour of powdering it is avoided. The following decomposition 
occurs : 

HgS 04 + Hg + 2NaCl = Kg^Cl^ + NagSO^. 

The sublimed powder thus obtained is well washed to free it 
from any traces of corrosive sublimate which it may contain, 
and dried ready for use. When dissolved in hot mercurous 
nitrate solution and allowed to cool, it separates out in 
yellowish-white, tetragonal plates. 

Calomel has long been known and manufactured in China 
and Japan under the name of heifun (light powder). This 
product occurs as a light, bulky powder, consisting of very thin, 
minute scales, lustrous, transparent, and white or faintly cream- 
coloured. It is quite free from corrosive sublimate and is 
manufactured by heating balls of porous earth and salt, soaked 
in bittern (the mother-liquor of partially evaporated sea-water), 
along with mercury in iron pots lined with earth. The heat 
forms hydrochloric acid from the magnesium chloride in the 
bittern, the mercury sublimes into the clay covers of the pots, 
air enters by diffusion, and the following reaction occurs : 

4Hg + 4HC1 +02= 2Hg2Cl2 + 2 H 2 O. 

The cover thus becomes filled with a network of micaceous 
particles of calomel.^ 

Calomel is tasteless, and has a specific gravity of 6*56. It 
evaporates at a red heat without fusion, yielding a colourless 
vapour of specific gravity 8*21 (Deville and Troost). As 
already explained (p. 701), this vapour is a mixture of the 
vapours of mercury and mercuric chloride. 

Calomel is also formed by the action of many reducing agents 
on solutions of mercuric chloride. It is partially decomposed 
by the action of concentrated solutions of chlorides, mercuric 
chloride passing into solution and mercury remaining undis- 
solved. ^ The solubility of calomel ® in water, as determined by 
the conductivity method, is about 0*4 mgrm. per litre at 20°. 

Calomel is largely employed in medicine, the precipitated 
compound being more active in its medicinal properties than 
that prepared by sublimation, owing to its finer state of division. 
In certain cases abnormal poisonous effects have been produced 

^ Divers, J. Soc. Chem, Ind., 1894, 13, 108. 

* Richards and Archibald, Zett, physikal, Chem., 1902, 40, 385. 

^ Ley and Heimbucher, ZetL Ekktrodiem., 1904, 10, 301. 
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by calomel, which have probably been caused by the presence 
of basic mercurous nitrate. 

Mercurous Bromide^ HggBrg, is obtained as a heavy, white pre- 
cipitate by adding hydrobromic acid or potassium bromide to 
mercurous nitrate solution. It is obtained in white, nacreous, 
tetragonal plates of sp. gr. 7*037 by shaking a solution of 
mercurous nitrate with bromine water or an alcoholic solution 
of bromine. It sublimes at 340 — 350° without decomposition,^ 
and slowly decomposes in the light. It is only sparingly soluble 
in water. 

Mercurous Iodide, Hg 2 T 2 , is prepared by rubbing mercury with 
mercuric iodide or iodine in the reqiysite proportions, and then 
forms a greenish-coloured powder, which, however, is not pure. 
If an excess of iodine is boiled with a solution of mercurous 
nitrate containing a little nitric acid, mercurous iodide separates 
on coohng in transparent, yellow, tetragonal plates, which 
gradually blacken in the light. On heating, the colour chang(\s 
successively to dark yellow, orange, and garnet-red, and on cool- 
ing the same colours are observed in the reverse order; it 
commences to sublime at 1 10 — 120°, and melts and decomposes 
at 290°.2 It is partially decomposed by heat and by treatment 
with potassium iodide solution into mercury and mercuric 
iodide.^ It dissolves slightly in oils, the best solvent being 
castor oil, which dissolves 2 per cent. In the form of powder it 
IS used in medicine. 

Mercurous Sulphide does not exist, a mixture of metallic mer- 
cury and mercuric sulphide being produced in cases in whicli 
its formation might be expected. 

Mercurous Sulphate, Hg 2 S 04 , is formed by heating concen- 
trated or fuming sulphuric acid with an excess of mercury, or 
by precipitating mercurous nitrate with sulphuric acid, or by 
the electrolysis of sulphuric acid with a mercury anode.^ It is 
a white, crystalline powder which when gently heated melts, and 
on cooling solidifies to a crystalline mass. It is precipitated 
almost completely by sulphuric acid from its solution in nitric 
acid. It is easily soluble in hot sulphuric acid; part of it 
separates out on cooling, and the remainder is precipitated on 
the addition of water. When heated with water at 25° it first 

^ Stroman, Ber.^ 1887, 80 , 2822. * Ibid , 2818. 

8 Francois, J. Pharm,, 1899, [6], 10 , 16; Compt. rend,, 1895. 121 , 888; 1896, 
122 , 190. 

* Hulett, Zeit, phyaikal. Chem., 1904, 49 , 494. 
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yields the basic salt, Hg2S04,Hg20,H20, as a white powder, and 
with a larger amount of water is converted into the oxide (Cox). 

Mercuroics Nitrite, Hg2(N02)2, is the first product of the action 
of nitric acid on mercury, and may be prepared by the action of 
dilute nitric acid on excess of mercury. It forms yellow needles 
and is partially decomposed by water, forming mercury and 
mercuric nitrite, whilst part dissolves. It is slowly converted 
by dilute nitric acid into mercurous nitrate, or one of the basic 
salts derived from it> The pure salt has a sp. gr. of 6*925.^ 
Wlien heated it decomposes, yielding nitric oxide, mercurous 
nitrate, mercury, and mercuric oxide.® 

Mercurom Nitrate, Hg2(N03)2, is formed by the action of 
dilute nitric acid in the cold on mercury. Hot nitric acid, 
on the other hand, especially if an excess of acid be em- 
ployed, forms mercuric nitrate. Bergman was the first to 
point out the difference between the two solutions thus 
obtained, the explanation, according to the then prevalent 
views, being that the solution of the metal in cold nitric acid 
contained less phlogiston than that in the hot acid. At a 
later period the same fact was explained by stating that in 
the former the mercury was less strongly oxidised than in the 
latter case. 

Mercurous nitrate crystallises in monoclinic tablets or prisms 
of tlic formula Hg2(N03)2,2H20, which lose their water on 
exposure to dry air. The crystals melt at 70°, forming a 
clear liquid of sp. gr. 4*3.^ The pure salt is at once decomposed 
by water (Hada), leaving a basic nitrate. It is easily soluble 
in dilute nitric acid, and this solution brought on to the skin 
colours it, first purple, and then a black tint. 

A number of different basic nitrates are formed by the action 
of water on the nitrate under varying conditions of tempera- 
ture, concentration, and acidity. Among those described ^ are 
3Hg2(N03)2,Hg20,H20, crystallising in long, thin prisms; 
3ng2(N03)2,2Hg20,2Il20, forming a white powder or hard, 
lustrous, triclinic prisms; Hg2(N03)2,Hg20,H20, a yellowish, 
crystalline mass; and Hg2(N03)2,2ng20,2H20, a yellowish-green 
powder. As already mentioned (p. 702), mercurous nitrate in 

^ Ray, ZciL anorg. Chem., 1896, 12, 365; Journ. Chem. Soc , 1897, 71, 337. 

a Ray, Joum, Chem. Soc., 1908, 93, 999. 

® Ray and Sen, Jotim. Chem. Soc., 1903, 83, 491. 

^ Retgors, Jahrb. Min., 1896, ii., 183. 

* See Cox, Zeit. ano7g. Chem., 1904, 40, 174. 
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solution dissociates partially into mercury and mercuric nitrate. 
When the salt is boiled with water, mercury slowly volatilises, 
and may be condensed in globules.^ 

Mercurous Carbonate, Hg2C03, is obtained by precipitating 
the nitrate with potassium hydrogen carbonate. In order to 
remove a quantity of basic nitrate which is thrown down at the 
same time, the potassium carbonate is added in excess, and the 
solution is allowed to stand for some days. Mercurous carbonate 
is a yellow powder which decomposes at 130° into carbon 
dioxide, mercury, and mercuric oxidf, and blackens on exposure 
to light (Lefort). 


Mercuric Salts. 

316 Mercuric Fluoride, HgF2,2H20, is formed by the action 
of excess of hydrofluoric acid upon the oxide.^ It is a white, 
crystalline mass which decomposes at 50°, with formation of 
the yellow oxyjluoride, HgF(OH), which is also obtained when 
an excess of mercuric oxide is treated with hydrofluoric acid. 
On slow evaporation it separates in dark yellow crystals. The 
fluoride is largely hydrolysed in aqueous solution, and is com- 
pletely decomposed into oxide and hydrofluoric acid by a large 
amount of water at 25°, no basic salt being formed.® 

Anhydrous mercuric fluoride, IlgFg, is obtained by heating 
mercurous fluoride in dry chlorine at 275° or dry bromine at 
400° or by heating mercurous fluoride alone at 450° under 10 mm. 
pressure. It forms transparent octahedra, melting at 645° and 
boiling about 650°, is readily attacked and discoloured by traces 
of moisture, and attacks glass when vaporised in contact with it.^ 
Mercuric Chlorojluoride, HgClF, and mercuric bromojluoride, 
IlgBrF, are obtained as pale yellow powders by the action of 
chlorine or bromine on mercurous fluoride at 100 — 120°.'^ 
Mercuric Chloride, HgClg. — This salt is obtained when mercury 
is heated in chlorine. It was first obtained by the Latin Geber 
according to the following receipt : “ Sublime Argentvive thus : 
Rc. of it lib. j. of vitriol rubified, hb. ij. of rock-allum calcined, 
lib. j. of common salt, lib. semis, and of salt-petre one fourth part. 
Incorporate all together, and sublime : and gather the white, 
dense, and ponderous, which shall be found about the sides of 

^ Hada, Jo%irn. Chem. 80 c., 1896, 89, 1667. 

* Finkener, Pogg. Ann., 1860, 110, 628. 

« Jaeger, Zett. anorg. Chem., 1901, 27, 22; Cox, ibid., 1904, 40, 146. 

* Ruff and Bahlau, Ber., 1918, 61, 1762, • 
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the vessel, and keep it, as we have appointed of other things. 
But if, in the first sublimation, you shall find it turbid, or unclean 
(which may happen, by reason of your own negligence), again 
sublime it with the same feces, and reserve it for use.” At a 
later date a somewhat similar method of preparation was 
employed on a large scale, and the product was termed Corrosive 
sublimate or Mercfurius sublimatus corrosivus. For this purpose 
an intimate mixture of 3 parts of mercury, 2 of common salt, 
2 of saltpetre, and 4 of calcined ferrous sulphate was heated : 

Hg + 2 NaCl + 2 KNO 3 + = HgClg + NagSO^ + 

K2SO4 + Fe203 -j- 2NO2. 

The nitrogen peroxide which was given off was condensed in 
water, and the acid obtained was employed for the preparation of 
mercuric oxide. At the end of the sixteenth century, corrosive 
sublimate was a well-known commercial article. In the works 
of the so-called Basil Valentine the following statement occurs, 
lie says : Recipe mercurii sublimati, such as can be bought at 
the druggists, and has been sublimed with vitriol and salt; for 
the ^ takes up in the sublimation the quintam essentiam salis. 
Then rub down the mercurium sublimatum very finely, lay it in 
the cellar in a thin layer on an iron plate, let it lie for some 
days and nights, when a fluid will be seen to flow from it, and 
the ^ is revivified.” 

From its strongly corrosive properties, mercuric chloride was 
also termed Draco, and as it was capable of destroying the 
metallic lustre of several metals, it was called mors or malleus 
melallorinn. The process which is now employed for the manu- 
facture of corrosive sublimate, namely, that of subliming a 
mixture of mercuric sulphate and common salt, was first sug- 
gested by Kunkel, who in the year 1760 described this process 
in his Laboratorium Chymicum as follows : ‘‘ The best mercurius 
sublimatus for use in chemistry and such as pleases me, is when 
I take an oleum vitrioli, which has been highly freed from all its 
phlegm, with mere. viv. ana, or if it has not been rectified so 
well, mere, one part and oleum one and a half parts, and distil 
off so much oleum until all the mere, is coagulated. The white 
Praecipitat sublimed with Sal communis ana gives a fine corro- 
sive sublimate.” 

Mercuric chloride is obtained commercially by heating a 
mixture of equal parts of dry common salt and mercuric 
sulphate. As the latter salt can only with difficulty be got 
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free from mercurous salt, one-tenth of its weight of manganese 
dioxide is added to the mixture in order to prevent formation 
of calomel. The sublimation is carried on in large, flat, long- 
necked glass balloons, which are first placed in a sand-bath 
up to their necks, and gently heated in order to drive off all 
moisture. So much of the sand is then removed that only the 
lower half of the balloon is surroimded by sand, and then this 
is heated more strongly until the whole of the chloride is 
sublimed. On cooling, the balloon is broken and the cake of 
sublimate removed. 

Mercuric chloride crystallises in needles belonging to the 
rhombic system,^ the commercial article usually having the 
form of a semi-transparent, crystalline crust. According to the 
experiments of Poggiale, 100 parts of water dissolve the 
following : 

At 10® 20® 50® 80® 100® 

HgCla 6*57 7-39 11-31 24-3 53-96. 

Mercuric chloride dissolves in about three parts of alcohol, 
crystallising from the solution in colourless, triclinic needles, 
and in four parts of ether, so that when this liquid is shaken up 
with the aqueous solution, the greater part of the salt is removed 
from the water. It crystallises by sublimation in a second 
triclinic form.^ Mercuric chloride undergoes electrolytic dis- 
sociation in aqueous solution only to a very slight degree,® but 
is partially hydrolysed, so that its solution has an acid reaction 
to litmus.^ The aqueous solutions decompose very slowly in 
the dark to form mercuric oxide, chlorine, and hydrochloric 
acid, but in the light to form only mercurous chloride and 
hydrochloric acid.® It is precipitated from its aqueous solution 
by sulphuric acid,® but dissolves without decomposition in con- 
centrated sulphuric and nitric acids. Its specific gravity is 5-403 
(Karsten), it melts at 288° and boils at 303°, the specific gravity 
of its vapour being 9-8 (Mitscherlich), corresponding with the 
normal molecular weight. Corrosive sublimate possesses a sharp, 
metallic taste, and is a violent poison; it is largely used, both 

^ Mitscherlich, Pogg, Ann,, 1833, 28, 118; Luczizky, Zeit, KrgH. Min., 1909, 
46, 297. 

* von Lang, Wien, Akad, Ber,, 1862, 45, 119. 

* Grotrian, Ann, Pkys, Chem,, 1883, 18, 177. Sec also Luther, Zeil. pJiysiknL 
Chem , 1904, 47, 107. 

« See Ley, Ber„ 1897, 30, 2192. 

* Verda, Schweiz, Woch, Chem, Pharm , 1907, 45, 179. 

* Viard, Compt, rend,, 1902, 135, 242. 
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externally and internally, in medicine, especially in cases of 
syphilis. It is also used as an anti-putrescent for anatomical 
preparations, in dressing furs and skin, and especially as a 
bactericide in surgery. The dry salt or its solution is easily 
reduced, first to calomel and finally to metallic mercury, by 
arsenic, tin, zinc, etc., or by stannous chloride, oxalic acid, etc.^ 
Mercuric chloride has the power of forming crystallisable 
compounds with a number of other chlorides, especially with 
those of the alkali metals, giving rise to the following 
double chlorides, as well as to many others : 


KCl,HgCl2,H20 

2KCl,HgCl2,H20 

KCl,2HgCl2,2H20 

2NaCl,HgCl2 


NaCl,HgCl2,2H20 

NH4Cl,HgCl2 

2NH4Cl,HgCl2,H20 

2NH4Cl,3HgCl2,4H20. 


The fact that these salts dissolve in water more easily than 
mercuric chloride has long been known. The iatro-chemists 
prepared one of them by dissolving equal parts of corrosive 
sublimate and sal-ammoniac, and crystallising the solution. It 
was termed by them Alernbroth. In many cases ^ the solutions 
of these double salts contain complex ions, such as HgCl4, etc. 

Mercuric chloride also unites with hydrochloric acid ® to form 
the compounds HgCl2,HCl and 2HgCl2,HCl, and with phos- 
phorus pentachloride, forming the compound 3HgCl2,2PCl5, 
which can be sublimed in glistening needles. Compounds with 
hydroxylamine, acetone, and methyl alcohol have also been 
described. 

Mercuric chloride forms also a series of basic salts, or oxy- 
chlorides, which are obtained by the action of mercuric oxide 
on mercuric chloride solution, or by adding potassium hydrogen 
carbonate or marble ^ to the latter. The best defined of these 
are 2HgCl2,HgO, which crystallises in red, monoclinic needles ; 
HgCl2,2HgO, which is a pitch-black, crystalline precipitate; and 
HgClgjSHgO, which forms glistening, golden-yellow scales, and 
occurs as the mineral kleinite in Texas. In addition to these 
several other oxychlorides are known,® containing a larger amount 
of oxygen. 

1 Oochsner do Coninck and Dautry, Bull, Acad. roy. Btlg., 1908, 55. 

* *Soo Sherrill, Ztii. pJuj^ikal. Chem., 1903, 43 , 705. 

8 John Davy, Phil Trans., 1822, 112 , 357. 

* Tarugi, Oazz., 1901, 81 , ii., 313; Arotowski, Zeit, anorg. Ghem., 1893, 12 , 
353. 

® Sachs, Sitzuvgsber. K. Alcad. Berlin, 1905, 1091. 
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Mercuric Bromide, HgBrg. — ^Mercury combines with bromine 
with evolution of heat/ and the oxide dissolves in hot aqueous 
hydrobromic acid. The bromide dissolves to the extent of 0*4 
part in 100 parts of cold water, and crystallises from aqueous 
solutions in glistening scales, melting at 235°, ^ and from alcoholic 
solution in rhombic needles or prisms, which can easily be sub- 
limed. It forms, with sodium bromide anl chloride, the 
compounds HgBr 2 , 2 NaBr and HgBr 2 , 2 NaCl, which are extremely 
soluble in water.® It closely resembles the chloride and, like it, 
forms a number of oxy-salts.^ 

Mercuric Iodide, Hgig, is formed when the two elementary 
constituents are rubbed together in the proper proportions in a 
mortar with a small quantity of alcohol. It forms a scarlet, 
crystalline powder. It is also precipitated when a solution of 
potassium iodide is added to one of corrosive sublimate. In 
this case, however, the precipitate which first forms has a pale 
yellow colour, but soon becomes scarlet; it is easily soluble in 
an excess of either liquid. Mercuric iodide crystallises in tetra- 
gonal prisms and pyramids, from solution in hot, moderately 
concentrated solution of potassium iodide, in boiling alcohol, or 
in hot nitric acid.^ It has the sp. gr. 6*26, melts at 253 — 251°, 
and volatilises without decomposition, the vapour having the 
density 15*6 — 16-2, corresponding with the formula Hgl 2 . It is 
very slightly soluble in water, but dissolves in many aqueous 
acids, ammoniacal salts, salts of mercury, and soluble iodides, 
with which it forms soluble double compounds. 

Mercuric iodide is dimorphous, for on gently heating the red 
modification to a temperature of 126° the mass becomes yellow 
with absorption of heat.® This change also takes place when 
the red crystals are melted or sublimed, yellow, rhombic prisms 
of sp. gr. 6*06 being formed. These retain their form and colour 
when allowed to cool to the ordinary temperature, but readily 
pass into the red modification when touched or rubbed with a 
hard body, or even spontaneously, heat being evolved, and the 
red crystals retaining the form of the yellow. 

Although the yellow form is stable only at and above 126°, 

^ Nemst, Zeit. physikal, Chem., 1888, 2, 20; Varot, Compt rend.y 1805, 
120, 620. 

* Guinchant, Compl. rend., 1909, 149 , 479. 

* Vicario, J, Pharm. Chem., 1907, 26, 145. 

* Fischer and Wartenbiirg, Chem. Ztil., 1902, 26, 960. 

® Luezizky, Zeii. Kryst. Min., 1909, 46 , 297. 

* Guinchant, Compt. rend., 1907, 145 , 68. 
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mercuric iodide separates from nearly all organic solvents in 
this form at temperatures below 126°, even when crystallisation 
is induced by the addition of a crystal of the red form.^ The 
vapour of mercuric iodide, moreover, always condenses in yellow 
crystals.^ 

When a cold solution of corrosive sublimate and then water 
are added to an alcoholic solution of potassium tri-iodide (KI3) 
heated to 50°, a brown, crystalline precipitate is obtained of mer- 
cury periodide, Hgig. If the solutions be mixed together hot, 
and allowed to cool slowly, rhombic tablets of mercury periodide 
are obtained mixed with the yellow and red iodide. Mercury 
periodide possesses in a high degree the peculiar optical pro- 
perties of tourmaline, and readily loses iodine. 

Mercuric iodide forms a very large number of double salts ^ 
and also combines with sulphuric acid, ammonia, pyridine, and 
other substances. With alkali iodides and ether it forms both 
crystalline and liquid compounds.*^ 

Mercuric Perchlorate^ Hg(C104)2, is a deliquescent salt, crys- 
tallising with GHgO. When digested with excess of mercuric 
oxide it yields the basic salt 2Hg(C104)2,ng0,12H20, which is 
converted by alcohol into the compound Hg(C104)2,2Hg0 ; 
this explodes with great violence when heated.^ A number of 
other explosive substances have been obtained by the action of 
organic compounds on the perchlorate and chlorate.® 

317 Mercuric Sulphide or Cinnabar y HgS, usually occurs in 
beds in slate rocks and shales, and more rarely in granite or 
porphyry. It is found in Idria, Almaden, in the Palatinate, in 
Oarinthia, Translyvania, Tuscany, in the Urals and Altai, in 
China abundantly, and in Japan, Mexico, and Southern Peru. 
Extensive mines of cinnabar exist in California in the coast 
ranges at different points, from Clear Lake in the North to San 
Louis Obispo in the South, the principal mines in which region 
are at New Almaden and in the vicinity of Santa Clara Co., 
about sixty miles S.S.E. of San Francisco. 

^ Kastlo and Clark, Amer, Chem, J., 1899, 22 , 473; Kastle and Reed, A^ner. 
Chcm */., 1902, 27 , 209; Gemez, Compt. rend., 1903, 136 , 889, 1322; 
Mascarelli, Atti Ji, Accad. Lincei, 1906, [6], 15 , it, 192. See also Sulc, Zeit. 
anorg. Chem., 1900, 25 , 399. 

® (lorno7, Compt. rend., 1899, 128 , 1616. 

* Compare Luboin, Ann. Chim. Phys., 1909, [8], 16 , 258. 

^ Marsh, Journ. Chem. Soc., 1910, 97 , 2297. 

® ChikashigeS Jottm. Chem. Soc., 1895, 67 , 1013; 1905, 87 , 822. 

^ Hofmann, Ber,, 1905, 88 1999. 
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Cinnabar is found in rhombohedral crystals (Class 18, p. 209), 
which, like quartz, cause the circular polarisation of light, and 
also in the granular and massive states. It possesses a 
cochineal-red colour often inclined to brownish-red and lead- 
grey; its streak is scarlet, and it is sub-transparent or opaque, 
and possesses a conchoidal fracture and adamantine lustre. Theo- 
phrastus mentions this mineral as fcivvd^api^; the term, 
however, was afterwards used to designate dragons’ blood. 
Pliny terms this latter substance cimiabaris, and the mineral 
cinnabar, being frequently confounded with red lead, is termed 
by him minium. 

The artificial preparation of this compound was first described 
by the Latin Geber under the name of nsifiir. At the begin- 
ning of the seventeenth century, Turquet de Mayerne found 
that by rubbing mercury and sulphur together a black powder 
was obtained, and in 1689 Walter Harris showed that this 
compound could be obtained by intimately mixing dry sulphur 
and mercury. Prepared in this way, it was termed ,Ethiops 
mineral, and was employed as a medicine. In the year 1757, 
J. C. Jacobi proposed to employ for the same purpose the ])re- 
cipitate obtained by adding caustic soda to a solution of a 
mercury salt. This was known under the name of pxilvis 
hjpnoticus. The mode of preparing cinnabar by the wet way 
was first observed by G. Schulz, in 1687 ; he obtained it by 
shaking together for some time Boyle’s volatile tincture of 
sulifiiur and metallic mercury. In 1773, Baume showed that 
the black precipitate which this liquid produced in a solution of 
mercury was gradually converted into cinnabar. The difficulty of 
explaining the difference between the black and the red sul- 
phides of mercury was increased by the fact that the one could be 
converted into the other. Stahl believed that the black com- 
pound contained more sulphur than the red one ; others asumed 
that in the latter compound the sulphur was more intimately 
combined than in the former, or that both being compounds of 
oxide of mercury with sulphur, the cinnabar contained mercury 
in a higher state of oxidation. Berthollet, on the other hand, 
considered cinnabar as mercury sulphide, whilst he regarded 
the black modification as a compound of mercury with sul- 
phuretted hydrogen. It was not until 1833 that the identity 
in composition of these substances was ascertained by Fuchs, ^ 
and the difference between them explained by the fact that 
^ Schneigaferft' Journ,, 1833 , ^ 7 , 1804 . 
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the black compound was amorphous whilst the red was 
crystalline. 

In order to prepare cinnabar in the dry way, according to the 
Dutch process, mercury is added to an excess of fused sulphur 
and the cold broken mass brought into earthenware pots 
which are heated in a sand-bath until the excess of sulphur is 
driven off. The crucible is then covered with an iron plate, 
and the temperature is raised until the cinnabar sublimes and 
is deposited upon the plate. 

In the process of manufacturing vermilion in Idria, 8 parts 
of sulphur and 42 parts of mercury are placed in small barrels 
which are caused to rotate on their axes until the contents are 
converted into a brown powder ; this substance is then distilled 
in iron retorts, furnished with a head and receiver; the purest 
cinnabar condenses in the head of the retort, whilst the portions 
deposited in the receiver consist of a mixture of this substance 
with sulphur and require redistillation. The sublimate is 
very finely levigated, treated with caustic soda, and then washed 
with water and dried. 

Vermilion obtained in the wet way possesses a much finer 
colour than the sublimed vermilion, and it can be prepared 
in a variety of ways. According to Brunner’s^ process, 100 
parts of mercury and 38 parts of flowers of sulphur are rubbed 
together for some hours and then the mass is mixed with 25 
parts of potash dissolved in 150 parts of water at 45^. The 
mixture is then heated, the quantity of water being kept con- 
stant for about eight hours. After this time it begins to 
exhibit a red colour, and when the right tint has been attained 
the mass is quickly washed with water, as by the further action 
of potash the vermilion becomes brown. In another process 
described by Firmenich,^ 5 kilos, of mercury mixed with 2 kilos, 
of sulphur and 4*5 litres of a solution of potassium pentasulphide 
are heated in a water-bath, the potassium pentasulphide solution 
being obtained by reducing 20 parts of potassium sulphate with 
carbon and boiling the product with 3*5 parts of water and 
15 parts of sulphur. The mixture is then poured into strong 
stoppered bottles which are well shaken whilst the liquid is 
being heated. After the lapse of from three to four hours a 
brown powder is formed. The liquid is then allowed to cool to 
50"^, and is digested at this temperature for some days imtil the 
colour of the product reaches the right shade : then it is mixed 
» Pogg, Ann., 1828 , 15 , 6 ^ 3 . • Dtngl. Pohjt. Joum., 1864 , 172 . 370 . 
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with caustic soda in order to withdraw the excess of sulphur, 
washed with water, and dried at 60°. 

Sublimed cinnabar is often observed in distinct crystals 
having the form of the natural mineral. Generally, however, 
it forms a fibrous mass, having a cochineal-red colour, but when 
powdered it has a scarlet-red tint. Its specific gravity is 8* 124 
(Boullay) ; the specific gravity of its vapour is 6*34 (V. Meyer), 
from which it appears that in the gaseous condition the com- 
pound undergoes dissociation. Cinnabar is not attacked by 
hot nitric acid, but aqua regia dissolves it easily with liberation 
of sulphur. It is soluble in concentrated hydriodic acid in the 
cold and also in the dilute acid when warmed, sulphuretted 
hydrogen being evolved (Kekul4). Vermilion is used as an oil- 
and water-colour paint, for red lithographic and printers' ink, 
and for colouring sealing-wax, etc. It is sometimes adulterated 
with red lead or red oxide of iron. The presence of tliese 
impurities can be readily ascertained, inasmuch as pure 
vermilion sublimes without leaving any residue. 

Black or amorphous mercuric sulphide, which occurs as a 
mineral in California,^ is formed, as has already been stated, 
when flowers of sulphur and mercury are mixed together. The 
excess of sulphur can be removed by carbon disulphide, and 
the excess of mercury by dilute nitric acid. It is likewise 
formed when the component elements are gently heated 
together, and also by gently heating cinnabar in absence of 
air, although by the application of a stronger heat the latter 
compound again sublimes. ^Vhen solutions of the polysulphides 
of the alkali metals act upon mercury, the black sulphide is 
likewise obtained, and the same compoimd may also be prepared 
by acting with an excess of sulphuretted hydrogen or sulphide 
of ammonium on a solution of a mercuric salt. Mercurous salts 
treated in this way yield a mixture of mercuric sulphide and 
finely divided mercury. On passing sulphuretted hydrogen into 
a solution of mercuric chloride, a white precipitate is first 
obtained, and this becomes yellow and ultimately black by the 
further action of the gas. This white compound has the com- 
position 2 HgS,HgCl 2 , and on sublimation decomposes into 
cinnabar and corrosive sublimate. Other salts of mercury form 
similar compounds. 

Mercuric sulphide also combines with the sulphides of the 
alkali metals; thus, for instance, if a i^olution of mercuric 
1 Moore, J. pr, Chem., 1870, [2], 2, 319. 
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chloride be treated with a solution of potassium sulphide con- 
taining some free alkali, a clear solution is obtained and, on 
evaporation, very slender, silky needles of the compound 
HgS,K2S,5H20 are deposited. It is a very unstable compound, 
and on washing is resolved into its constituents. It was first 
obtained by Brunner, in the preparation of vermilion accord- 
ing to his method. The conversion of the black, amorphous 
sulphide into vermilion probably depends upon the formation 
of this body. 

Mercuric Sulphate, HgS04. — ^This salt was known in the 
fourteenth century, and is obtained by heating mercury with 
oil of vitriol. In order to prepare a product free from mercurous 
salt, the mercury must be heated with 1-5 times its weight of 
sulphuric acid, and evaporated to dryness. In this way a white, 
opaque mass is obtained, which crystallises from an excess of 
sulphuric acid in small, stellate plates, having a silvery lustre. 
When gently warmed it becomes yellow and afterwards red- 
coloured, and decomposes, when strongly heated, into mercury, 
oxygen, sulphur dioxide, and mercurous sulphate. Water 
decomposes it even at 25° with formation of the insoluble basic 
salt, SHgOjSOg, a heavy, lemon-coloured powder which on heating 
becomes of a red colour, and dissolves in 2,000 parts of cold, and 
600 parts of boiling, water. The basic compound was described 
by Basil Valentine, and was used by the iatro-chemists under 
the name of turpetum minerale. This appears to be the only 
definite basic mercuric sulphate which exists at 25°.^ 

Mercuric sulphate forms several compounds with hydrogen 
chloride.^ 

318 Mercury Nitride or Trimercfuric Diamine, NgHgj. — For 
the preparation of this compound, a solution of mercuric iodide 
or bromide in liquid ammonia is added to an excess of potass- 
amide dissolved in the same solvent : 

3Hgl2 6KNH2 - Hg3N2 + 6KI + 4NH3. 

It is a chocolate-brown powder, which in the dry state is very 
explosive. Aqueous acids and solutions of ammonium salts in 
liquid ammonia readily dissolve it.® 

Mercuric Nitrate, Hg(N03)2. — classed among 

^ Cox, Zeit. anorg. Chem,, 1904, 40 , 165. See also Hoitsema, Zeit. 'physihiL 
Chcm., 1895, 17 , 651 ; Guinchant, Bull, Soc, chtm., 1896, [3], 15 , 556, 

* Baskervillo and Weil, J, Amer, Chtm, Soc,, 1901, 23, 894. 

* Franklin, Zeit, anorg, Chem., 1905, 46 , 1. 
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the vitriols by the alchemists, and its preparation is thus 
described in the works of Basil Valentine : 

“ Vitriolum mercurii is easily made with an aqua fort distilled 
from saltpetre, and alum ana] if it is dissolved in it, crystals 
like a vitriol shoot out; these are then ablued and purified 
with s'piritus vin% which previously has been rectified with sal 
tartari] thus it is made into a sweet oil. This is a noble 
medicine ad luem gallicam^ it cures all sores, consumptions, 
disuries, gouts, and drives out many other diseases from the 
human body.” 

In order to prepare this salt, mercury is boiled with nitric acid 
until a portion of the liquid no longer gives a precipitate with 
common salt. On evaporating the solution over sulphuric acid 
large crystals separate out having the formula 2Hg(N03)2,H20. 
The same salt, which is very deliquescent, is obtained as a 
crystalline magma, by adding strong nitric acid to the concen- 
trated solution. The mother-liquor from the large crystals is a 
thick liquid which possesses the power, first noticed by Libavius, 
of colouring the skin a dark-red tint. On evaporating the 
solution, a basic salt, 2Hg{N03)0H,H20, separates out in long, 
transparent prisms which possess a metallic, but not an acid taste. 

When mercuric nitrate is treated with water at 25 *^ it yields 
the basic salt, Hg(N03)2,2Hg0, as a heavy, white powder, 
which is decomposed by the further action of water, leaving 
mercuric oxide.^ 

Mercuric Nitrite , Hg(N 02 ) 2 , is obtained by the action of 
mercuric chloride on silver nitrite or by the decomposition of 
mercurous nitrate by water.^ 

Mercuric HyponilritCy HgN 202 , is prepared by the action of 
sodium hyponitrite on mercuric nitrite, and is a light buflE- 
coloured powder. It decomposes spontaneously into nitric 
oxide and mercurous hyponitrite, and is the only mercuric salt 
which decomposes into a mercurous salt.® 

Mercuric Phosphide is obtained as a black powder, together 
with mercuric phosphate, by heating mercuric oxide and phos- 
phorus together in water. If a current of gaseous hydrogen 
phosphide is passed over gently heated mercuric chloride, an 
orange-yellow sublimate of mercuric phosphide is obtained which 

^ Cox, ZtiL anorg. Chc7n., 1904, 40, 159. 

2 Ray, Journ. Chcm, Soc., 1897, 71, 341. 

* Uivera, Joum. Chem. Soc., 1899, 75, 119. Sec also Ray, thid,, 1907, 91, 
1404; Kay and Gafiguli, tbid., 1399. 
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decomposes into its elements on heating (H. Rose). The phos- 
phide, IIg3P4, is obtained in hexagonal prisms when mercury is 
heated with phosphorus di-iodide. It is readily decomposed 
by heat.^ 

Mercuric Arsenide^ Hg3As2, is the final product obtained when 
a mixture of arsine and hydrogen is passed into an alcoholic 
solution of mercuric chloride. It is a black powder which 
oxidises in the air, forming arsenious oxide and mercury.^ 

319 Mercuric Aceiylide^ 3C2lIg,H20, is best prepared by 
passing acetylene into a solution of mercuric oxide in ammonia 
and ammonium carbonate. It is a heavy, white powder, which 
explodes when rapidly heated. When heated with hydrochloric 
acid a mixture of acetylene and acetaldehyde is produced.® 

When acetylene is passed into a solution of mercuric nitrate 
derivatives of acetaldehyde are formed, which are decomposed by 
acids with formation of acetaldehyde, no acetylene being 
liberated.^ 

Mercuric Carbonates.— Only basic mercuric carbonates are 
known. If a solution of mercuric nitrate is poured into an 
excess of potassium carbonate solution, a dark brown precipi- 
tate of Ilg(J03,2Hg0 is formed, and if a solution of potassium 
bicarbonate is employed, an amorphous, brown precipitate of 
IIgC03,3Hg0 is formed. 

Mercuric Cyanide, Hg(CN)2.— This compound was discovered 
by Scheele, who obtained it by boiling Prussian blue with mer- 
curic oxide and water. It is formed also by dissolving mercuric 
oxide in dilute hydrocyanic acid, or by boiling one part of 
potassium ferrocyanidc with two parts of mercuric sulphate and 
eight parts of water : 

2K4Fe(CN)6+7ngS04=:6Hg(CN)2+4K2S04-fFe2(S04)3+ng. 

It may be prepared by adding a solution of sodium cyanide to 
mercuric sulphate.® 

Mercuric cyanide dissolves in eight parts of cold water and 
crystallises from the hot aqueous solution in white needles or 
transparent, tetragonal prisms which are insoluble in absolute 

^ Granger, Jouin. Chem. Soc., 1898, 74, ii., 474. 

* Partlioil and Amort, Arch. Phaim,, 1899, 237, 121. 

® See Plimpton and Travers, Joiirn. Chem. Soc., 1894, 65, 264, where refer- 
ences to tho earlier literature are to be found. 

^ Hofmann, Bcr., 1898, 31, 2212, 2783. See also Erdmann and Kotlmer, 
Zetf. nnorg. Chem., 1898. 18, 64. 

^ Rupp and Goy, A'poth. Z^it., 1908, 23> 374. 
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alcohol. The salt is only dissociated to a very minute extent 
in aqueous solution, which, therefore, does not yield all 
the reactions characteristic of mercuric ions; thus its solution 
gives no precipitate with caustic soda or potassium iodide. It is 
however, decomposed by sulphuretted hydrogen and by boiling 
with hydrochloric, hydrobromic, hydriodic, or dilute sulphuric 
acid, hydrocyanic acid distilling over. It forms crystalline 
double compounds with many other salts. In aqueous solution 
it yields with potassium iodide the salt, Hg(CN)2,Hgl2,2KCN.^ 
When heated it decomposes into cyanogen and metallic mercury. 
Its aqueous solution readily dissolves mercuric oxide, and on 
evaporating the alkaline solution thus obtained, small needles of 
a basic cyanide, Hg(CN)2,HgO, are formed. This is known as 
mercuric oxycyanide, and is used as an antiseptic.^ 

Mercuric Cyanaie^ Hg(OCN)2, and Mercuric Thiocyanate, 
Hg(SCN)2, are white, crystalline precipitates. In order to prepare 
the latter salt a solution of ammonium thiocyanate is precipitated 
with excess of corrosive siibbmate solution. This compound is 
used for the preparation of the so-called ** Pharaoh’s serpents.^' 
The dried precipitate is rubbed up with gum-water to a thick, 
plastic mass, and short cones are formed of this mixture, 
which are then dried. On igniting them at the end they burn 
with a blue, sulphur-like flame, the ash being very bulky and 
extending in a serpent-like form. 

Ammoniacal Compounds of Mercury. 

320 Many different series of ammoniacal derivatives of 
mercury have been described, but very little is known as 
to their constitution. Most of the derivatives are insoluble 
in the ordinary solvents and cannot be volatilised without 
decomposition, so that their molecular weights cannot be deter- 
mined. Rammelsberg ® formulated all these compounds as 
derived from dimercurammonium salts, in which two atoms 
of mercury replaced the four hydrogen atoms of the ammonium 
radical. Many serious objections to this view have been urged 
by other investigators,^ and it seems probable that the mercuri- 

^ Rupp and Goy, Arch. Pharm., 1909, 247, 100. 

* See lloldermann, Arch. Pharm., 1905, 243, 000; 1906, 244, 133; Rupp, 
thul, 1906, 244, 1. 

* J. pr. Chem., 1888, [2], 38, 558. »Seo also Barfoed, «7. pr, Chem., 1889, 
[2], 39, 201; Pesci, Gazr., 1891, 21, 569; Zeit. anorg. Chem., 1899, 21, 301. 

* Hofmann and Marburg, Aana/en, 1899, 305, 198; Zeit. anorg. Chem., 
1900, 23, 126; Franklin, J. Amer. Chem. Soc., m07, 29, 35. 
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ammonium compounds fall into three classes ^ : (i) additive 
compounds of mercuric salts and ammonia, typified by fusible 
precipitate, HgCl 2 , 2 NH 3 , (ii) ammonolysed compounds in which 
Nllg, Nil, or N is substituted for part of the acidic radicle in 
mercuric salts, e,g.^ infusible precipitate, CbHg'NHg, and (hi) 
compounds which are both ammonolysed and hydrolysed, such 
as the chloride of Millon’s base, NHg'Hg’O'HgCL No am- 
moniacal mercurous compounds appear to have been obtained. 
Thus the supposed mercurous ammonium derivatives are mixtures 
of mercuric derivatives and finely divided metallic mercury, 
which latter gives them a black colour. 

Millon^s Base , — When mercuric oxide is gently warmed 
with pure dilute ammonia, a pale yellow powder having the 
composition HgOgNHgg is obtained, which deflagrates without 
explosion on rubbing, or when thrown on to hot charcoal. This 
compound is known as Millon’s base and is variously formulated 
as (HOHg) 2 NIl 2 *OII (Hofmann and Marburg), or NHg2-0H,2H20 
(Rammelsberg). When exposed over caustic potash to an atmo- 
sjiliere of ammonia it loses water, yielding the dark yellow 
compound (OHg 2 )NH 2 *OH. This substance and Millon’s base 
both yield salts when treated with acids. When, however, the 
compound (OHg 2 )NH*OH is heated at 125° in a current of 
ammonia, a second molecule of water is lost, and a non-basic 
highly explosive dark-brown powder of the composition 
NlIgoOH is produced, which is also formed when ammonia is 
passed over dried yellow mercuric oxide at 120°, and is 
known as dimercuriamnwnium hydroxide. 

Salts of Millaa's Base are formed when ammonia is added to 
mercuric salts of oxy-acids, and when the base is digested with 
G per cent, aqueous solutions of the acids. These salts have as 
a rule the empirical formula H 20 NHg 2 X^, and, like the base, 
have been formulated in two different ways — as oxydimercuri- 
ammonium salts, (OHg 2 )NH 2 -X^, or as dimercuriammoniimi 
salts, NHg2X^H20. Anhydrous salts of the formula NHg 2 X^ 
have also been prepared by the action of liquid ammonia or 
potassamide on mercuric bromide and iodide, but it is prob- 
able that these substances are not true derivatives of 
Millon’s base, but are amino-compounds of the constitution 
Hg:N*HgX (Franklin 2). Compounds of the same composition 


^ Holmes, Joum, Chem, Soc., 1918, 113, 74. 

* Zeit. anorg, Chem., 1906, 46, 1. 
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have been described by Franjois^ and by Pesci^ as formed 
by the action of aqueous ammonia on mercuric iodide and 
bromide. 

The Chloride of Mdlon^s Base, (OHg 2 )NH 2 -Cl, or NHgCbHgO, 
is formed by the action of hydrochloric acid on Millon’s base, and 
may be prepared by digesting infusible white precipitate with a 
large amount of water at 60 — 70®. It forms a yellowish powder 
which is stable in an atmosphere of ammonia at 125®, but 
decomposes at 180® with separation of mercury (Hofmann and 
Marburg). 

The Iodide of Millon's Base^ (OHg 2 )NH 2 -I, which is frequently 
described as oxydirnercuriammonium iodide, is formed by the 
action of an excess of ammonia on mercuric iodide, and also 
when ammonia is passed at a temperature of 180° over the 
basic oxy-iodide of mercury, HgIgjSHgO. 

The same compound is easily obtained by adding ammonia to 
a solution of mercuric potassium iodide, containing an excess of 
potash, and hence this liquid, known as Nessler’s solution (Vol. I., 
p. 330), is employed as a very delicate reagent for the detection 
of ammonia. It is a brown powder which often exhibits a 
reddish-purple colour, and, on heating in absence of air, fuses to 
a brown liquid, whilst when more strongly heated, it decomposes 
with emission of light, into water, mercuric iodide, ammonia, 
and nitrogen. 

Infusible White Precipitate, which appears to have been first 
prepared by Lemery, is formed when a solution of mercuric 
chloride is precipitated by ammonia, and has the empirical 
formula NHgllgCl. It is formed also by the action of liquid 
ammonia and of potassamide on mercuric chloride (Franklin). 
It is a bulky, white powder having an earthy, metallic taste, 
and is insoluble in water, but on long-continued washing or on 
treatment with caustic potash it becomes yellow, owing to partial 
decomposition with formation of the yellowish-coloured chloride 
of Millon’s base. It decomposes below a red heat without 
fusion, forming calomel, ammonia, and nitrogen : 

6NH2HgCl - 3 ng 2 Cl 2 + N2 + 4NH3, 

and in warming with ammonium chloride yields the fusible, 
white precipitate described below. If it is mixed with iodine 
and alcohol is poured on to it, mercuric iodide is first formed and 

' Cmi^. rend., 1900, 130, 332, 1022. 

^ Compare, however, Hofmann and Marburg, Annalen, 1899, 805, 19]. 
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then a violent explosion occurs. This mixture also deflagrates 
in the dry state after some time. 

The constitution of this substance has given rise to much dis- 
cussion. Rammelsbcrg and Pesci regard it as NHg 2 Cl,NH 4 Cl, 
a double salt of dimercuriammonium chloride and ammonium 
chloride, whereas Hofmann and Marburg, and Franklin assign 
to it only half this molecular weight, formulating it as NHg-HgCl, 
or arninomercuric chloride. The latter view is supported by the 
existence of an analogous compound derived from cthylamine, 
NHg'CgHg, which has the formula NH'CgHgHgCl, and resembles 
infusible white precipitate in properties, although ethylamine 
is incapable of yielding a compound corresponding with 
Ramrnelsberg’s formula. 

Fusible White Precipitate , — This compound was first prepared 
by Raymond Lully, by precipitating mercuric nitrate with sal- 
ammoniac and salt of tartar. He was acquainted with its 
property of fusing when heated. At a later time this body was 
confounded, not only with the foregoing compound, prepared 
first by Lemery, but also with calomel prepared by the wet 
process. Kunkel, although he gave both to this last prepara- 
tion and to fusible white precipitate the name of lac mercimi, 
was aware of their difference. He says, “ Whether these two 
have the same effect in medicine, I leave to the physicians and 
surgeons; in examine chfjmico they are very different.’* Wohler, 
in 1838, pointed out the difference between the fusible and 
infusible precipitate. 

Fusible white precipitate is obtained by the action of gaseous 
ammonia on mercuric chloride, by adding a solution of corrosive 
sublimate to a boiling aqueous mixture of sal-ammoniac and 
ammonia as long as the precipitate which is formed dissolves, 
or by boiling the infusible white precipitate, or the chloride of 
Millon’s base, with a solution of sal-ammoniac. Small, regular 
dodecahedra or crystalline crusts are deposited on cooling. The 
compound fuses on heating, losing nitrogen and ammonia, whilst 
a mixture of calomel, corrosive sublimate, and sal-ammoniac 
sublimes. 

It has the empirical formula NgHgHgClg, and has been formu- 
lated as the double salt, NHg2Cl,3NH4Cl, or as the additive 
compoimd, Hg(NH 3 ) 2 Cl 2 . As in the case of the infusible white 
precipitate, an analogous derivative of ethylamine is known, a 
fact which is in favour of the latter formula. By digesting 
infusible white precipitate with a solution of mercuric chloride 
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and ammonium chloride in water, by use of proper concentrations 
either 3HgCI,2NH3 or HgClgjNHg-HgCl may be prepared.^ 

Mercuriphosphonium compounds analogous to the above 
mercuriammonium salts have also been prepared. 

Therapeutic Uses of Mercury and its Compounds. 

321 The poisonous effects of mercury were known to Dios- 
corides and Pliny, and it appears that even in those days 
mercurial preparations were employed as medicines. From that 
period up to the fifteenth century mercury was but sparingly 
used in medicine, and then for external purposes only. Even in 
the fifteenth century, the outward use of mercurial compounds 
was discountenanced by the then prevailing schools of medicine, 
and at the beginning of the sixteenth century the few physicians 
who had dared to employ mercurial ointment were vigorously 
assailed. The employment of mercurial preparations was, how- 
ever, soon afterwards introduced by Paracelsus, and by degrees 
became common. 

Metallic mercury rarely leads to toxic phenomena when taken 
internally. Large quantities (several pounds) used to be given 
to overcome intestinal obstruction, and when the mere weight 
of the liquid metal was sufficient to remove the obstruction 
mechanically, the mercury passed through the intestines rapidly 
and was excreted without any absorption. In small quantities, 
especially if it be in a state of fine division, mercury is rapidly 
absorbed, and exercises medicinal or toxic effects, according to 
the quantity employed. Metallic mercury can be absorbed 
through the unbroken skin, and may lead to local disturbances 
(dermatitis) and to general toxic symptoms, and mercury vapour 
is frequently the cause of severe forms of poisoning. 

The salts of mercury are poisonous. In some respects, the 
poisonous action of mercury compounds resembles that of salts 
of other heavy metals, but a special action on the animal economy 
lends an important therapeutic value to these salts. In general, 
mercury is employed therapeutically both for local and general 
inflammations, the disease for which it is most valuable being 
syphilis. 

Calomel, HggClg, corrosive sublimate, HgClg, and mercuric 
iodide, Hgig, are most commonly used. In the intestines, 
small quantities of calomel may be completely absorbed and give 

^ Holmes, Trans, Chem, Soc,, 1918, 113» 74. 
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rise to poisonous symptoms, while larger quantities, acting as a 
purgative, are less dangerous; as a rule, from 0*032 to 0*32 
gram is the dose used in medicine. It is supposed that calomel 
is acted upon by sodium chloride present in the body, forming 
mercuric chloride and metallic mercury, while some authors 
believe that oxychlorides are also formed. 

Corrosive sublimate, when in concentrated solution, acts as a 
powerful caustic. In small doses, it produces severe toxic 
symptoms, and only in very small quantities is it tolerated 
therapeutically. Even 0*1 gram, when rapidly absorbed, is a 
fatal dose. The iodide acts similarly. 

AVhen small quantities of mercury are absorbed daily for a pro- 
longed period, a comple^^ of symptoms, known as mercurialism, 
appears. These include salivation, ulceration of the mucous 
membranes of the mouth, tremors, nervous symptoms, headache, 
anaemia, and wasting. 

Chronic mercurial poisoning is met with in those who habitu- 
ally work with the metal, namely, miners in quicksilver mines, 
persons engaged in extracting gold by the amalgamation process, 
and those employed in making mirrors, thermometers, baro- 
meters, etc. 


Detection and Estimation op Mercury. 

322 Bunsen’s flame-reaction may be conveniently employed 
in order to detect the presence of mercury in a solid body. 
For this purpose the substance is mixed with a small quantity 
of anhydrous sodium carbonate and nitre, and the mixture is 
heated in a tube held in the flame by means of a platinum wire 
wound round it, the mouth of the tube being placed directly 
under a small porcelain basin filled with cold water. The 
mercury is then volatilised, and condenses on the cool lower 
surface of the porcelain basin in the form of a grey film. This 
is wiped off with a small piece of filter paper, when the minute 
globules of liquid metal are rubbed together and a larger globule 
is obtained. If a large quantity of mercury be present, globules 
are at once formed on the cold basin. 

A similar film can be more simply obtained by heating the 
compound on a piece of asbestos in the reducing zone of the 
flame beneath a porcelain basin. The metal may also be 
detected by heating the compound in a bulb tube with sodium 
carbonate and potassium cyanide, the mercury being deposited 
on the cool part of the tube. 
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When a liquid has to be tested for mercury, it is in the first 
place acidified with hydrochloric acid. If this produces a white 
precipitate, a mercurous salt may be present together with 
silver, lead, and thallium. The last two metals may be removed 
by boiling the precipitate with water. The residue is then 
treated with ammonia, in which the chloride of silver is soluble. 
If a black powder remains, mercury is present, and its presence 
can be confirmed by the flame reaction just described. The 
filtrate from the first precipitate, or the solution in which the 
hydrochloric acid gives no precipitate, is saturated with a 
current of sulphuretted hydrogen gas. If mercury is present, 
a white precipitate will first be formed, but this rapidly changes 
colour, becoming yellow, brownish-red, and finally black. In 
order to separate mercury from the other sulphides which 
may be present, the precipitate is first washed with hot water, 
then warmed with sulphide of ammonium, again washed with 
water, and the residue treated with hot dilute nitric acid. If 
a heavy black powder remains undissolved, this is treated with 
aqua regia, the solution concentrated, and stannous chloride 
added to this solution, when calomel is precipitated; if an 
excess of the precipitant is added, finely divided metallic mercury 
is deposited as a black powder, which on boiling with hydrochloric 
acid unites to form distinct globules. The following equations 
represent the decomposition : 

(a) 2HgCl2 Sna^ == Ilg^ + RnCl„ 

(b) HggCl^ SnCl 2 2Hg + SnCl,. 

The spark spectrum of mercury contains a large number of 
lines, and has been carefully mapped by Huggins and Hartley 
and by Adeney.^ 

Mercury is best estimated quantitatively by precipitating 
the solution with sulphuretted hydrogen. The sulphide thus 
precipitated frequently contains free sulphur, and it is therefore 
warmed with hydrochloric acid, nitric acid being added drop by 
drop until the sulphur, which separates out, has become yellow. 
Then the solution is diluted with water, nearly neutralised with 
caustic soda, excess of potassium cyanide added, and the sulphide 
again thrown down with sulphuretted hydrogen; the precipi- 
tate thus obtained is quickly washed with cold water, dried 
at 100'’, and weighed. The sulphur may also be removed by 
washing the precipitate with alcohol to remove water, and then 
with carbon disulphide. Mercury is also sometimes estimated 

^ See Watts, ** Index of Spectra,” p. 105 (Ileywnod, Manchester, 1889). 
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in the form of mercurous chloride, or as the free metal obtained 
by distillation with lime or iron, or by electrolysis of a solution 
of the cyanide in potassium cyanide, or better by the electro- 
lysis of acid solutions with a mercury cathode. 

Atomic Weight of Mercury . — The atomic weight of mercury 
was determined by Turner,^ and by Erdmann and Marchand,^ 
by the analysis of mercuric oxide, and also by the latter in- 
vestigators by the analysis of the sulphide. Millon ® and Svan- 
berg ^ estimated the quantity of mercury formed by heating the 
chloride with lime in a current of hydrogen. Hardin ® compared 
the weights of silver and mercury deposited by the same current, 
and also effected the electrolytic analysis of mercuric chloride, 
bromide, and cyanide, arriving finally at the value 199*93. 

Easley obtained a higher figure (200*48) by reducing mercuric 
chloride by means of hydrogen peroxide and partly by electro- 
deposition. At the same time, from the ratio HgClg : 2AgCl, he 
obtained the figure 200*62.® Later he obtained the value 200*63 
by the analysis of the chloride,’ and by the analysis of the 
bromide, 200*64.® Taylor and Hulett,^ by reduction of mercuric 
oxide with metallic iron, obtained the relatively low value 200*37, 
but Baker and Watson,^® using Easley and Brann’s method of 
converting mercury into mercuric bromide, found Hg == 200*57. 
The value now adopted (1922) is Hg = 200*6. 

Positive ray analysis [q. r.) has, however, shown that mercury 
j)robably consists of a mixture of at least six isotopic elements 
with atomic weights ranging from 197 — 204, and there is already 
some evidence that some separation of these isotopes can be 
effected by fractional distillation.^^ 


1 ^innahn, 1S35, 13 , 14. 2 j. citem , 1844, 31 , 385. 

® Compt. rend, 1845, 20 , 1291. * Jahresb., 1847-8, 445. 

s J. Amcr. Chem, Soc , 1800, 18 , 990. « Ibid., 1909, 31 , 1207. 

’ Ihid., 1910, 32, 1117 

® Kasley and Brann, J, Amcr, Chem. Soc , 1912, 34 , 137. 

» J. Physical Chem , 1913, 17 , 755. 

Joum. Chem. Soc , 1914, 105 , 2530. 

Bronsted and Hcvesy, Nature, 1920, 106 , 144. 
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GROUP III. 

Sub-Group (a ) — Boron and the Rare Earth Metals. 

Boron. 

Scandium. 

Yttrium. 

Lanthanum and the Rare Earth Metals. 

Sub-Group (b ) — The Aluminium Group of Metals. 

Aluminium. 

Gallium. 

Indium. 

Thallium. 

323 These elements all form oxides of the formula E 2 O 3 , and 
unite with the halogens to form compounds of the type RX 3 
or RoXg. 

Boron hydroxide behaves as an acid to most bases, and acts 
as a base only towards the strongest acids, but the basic 
character of the oxides becomes more marked in this group as 
the atomic weight increases. The oxides of the metals of sub- 
group (a) are, as in the second group, more basic than those of 
sub-group ( 6 ). Thus the latter form salts with strong alkalis, 
whereas the former do not. 

The element boron, being the least electropositive element of 
the group and usually occurring in an anion, has already been 
described among the non-metals (Vol. I., p. 713). Since 
the chemical relations of the rare earth metals are so little known 
at present, all the metals of sub-group (a) are described among 
the rare earth metals. 
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324 These metals are permanent in the air at ordinary tem- 
peratures, but become oxidised when strongly heated in air or 
oxygen. The volatihty of the metals increases with the atomic 
weight, and the same order is observed in the ease of reduction 
from the oxide. Thus indium and thallium both yield an incrus- 
tation of the oxide and a metallic bead when their compounds 
are reduced on charcoal, whereas aluminium compounds do not 
give this reaction. 

All these metals have small atomic volumes, and occur just 
after the minima on Lothar Meyer’s diagram (p. 62). They are 
all malleable and fusible, and form typical hydroxides which act 
as weak bases, the corresponding salts being often readily decom- 
posed by boiling with water. These hydroxides also act as weak 
acids towards strong bases. Thus the hydroxide of gallium is 
soluble both in potash and ammonia, and those of aluminiimi and 
of indium in potash, whilst thallic hydroxide is insoluble in alkalis. 

Aluminium, gallium, and indium form characteristic double 
sulphates of the formula M2S04,R2(S04)3,24H20, known as 
the alums, in which M represents a monovalent metal. Similar 
compounds have not yet been obtained from thallium. Both 
aluminium and thallium yield organo-metallic derivatives. 

Special interest attaches to the position of gallium in this 
group, because its properties and relations to aluminium and 
indium show that it is identical with the eka-aluminium ” of 
Mendeleev, the existence of which was predicted by that chemist 
four years before the actual discovery of the element by Lecoq 
de Boisbaudran (p. 70). 

In addition to compounds of the type RX3, lower chlorides of 
indium and gallium are also known, whilst thallium forms a 
whole series of salts, in which it acts as a monovalent metal. 
These salts are more stable than those which correspond in type 
to the aluminium salts and bear a remarkable chemical resem- 
blance to the salts of the alkali metals, with which they are in 
many cases isomorphous. Physically, the metal thallium closely 
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resembles lead, which occupies the corresponding place in 
Group IV, and its compounds with the halogens (except fluorine) 
and sulphur are very similar in properties to the corresponding 
lead compounds. In consequence of this remarkable behaviour, 
Dumas, on the occasion of the discussion of Lamy’s investigation 
in the French Academy, termed it the ornithorhynchus amongst 
the metals. 


ALUMINIUM. AI- 270. At.No. 13. 

325 The name of this metal is derived from alumen, alum. 
This, as well as the corresponding Greek word {(jTVTTj'qpia), was 
originally used to designate very different bodies, all of whicli 
possessed the common property of an astringent taste. There 
can, however, be little doubt that alum itself was included amongst 
these bodies, and this salt was well known to the Latin Geber 
and the later alchemists, being, however, classed amongst the 
vitriols, until Paracelsus showed that it differed from this last 
family of salts. In his second treatise, De Genenbus Salium, he 
states : ‘‘ Alum is in no wise connected with the metals, but is a 
salt, standing alone in the acid, and taking its corpus from the 
intermixture of the earths; vitriol does not do so, but solely 
from the intermixture of metallic corpora The nature of the 
earth, which is combined in alum with sulphuric acid, remained 
long undetermined. It was usually supposed to be a calcareous 
earth, although it was noticed in the seventeenth century that 
clay, when treated with sulphuric acid, gave an alum : and 
hence Pott, in his Lithognosy, published in 1746, stated that the 
basis of alum was an argillaceous earth. It was not till 1754 
that Marggraf showed that alumina differed totally in its pro- 
perties from hmo, and that clay contained this earth, combined 
with silica. 

Davy, as well as other chemists, endeavoured to decompose 
alumina into its elements, as it was generally acknowledged 
to be an oxide. The results they obtained were, however, but 
unsatisfactory, and Wohler, in 1827, was the first to prepare 
pure aluminium. 

Of all the elements, with the exceptions of oxygen and silicon, 
aluminium is the most widely distributed, and contained in the 
largest quantity in the sohd crust of the earth. It occurs as the 
oxide, AI2O3, in the mineral corundum, of which the ruby and 
sapphire are varieties. It is found more commonly as diaspore, 
AI2O4H2, and bauxite, a hydrated aluminium oxide in which 
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varying portions of aluminium are replaced by iron, whilst it 
occurs in far larger quantity in combination with silica, forming 
a great variety of double silicates, amongst which potash-felspar 
or orthoclase, (K,Na)AlSi308, may be mentioned as being most 
important, as this forms the chief constituent of granite, gneiss, 
syenite, porphyry, trachyte, etc. Soda-felspar or albite, and 
lime-felspar or labradorite, also occur in large quantities. 
Amongst other important double sihcates we find the garnet 
group, the members of which are named from the different 
isomorphous metals which they contain; for instance, we have 
lime-alumina garnet or grossular, Ca3Al2(Si04)3 ; iron-alumina 
garnet, or almandine, (Fe,Mg)3Al2(Si04)3 ; lime-iron garnet, 
or andradite, Ca3Fe2(Si04)3. The micas also comprise a large 
number of important minerals, as common mica or biotite, 
K2HA]3(Si04)3,(Mg,Fe)3(Si04)3; and chlorite or ripidolite, 
H9(Fe,Mg)5Al3Si302o, the latter compounds forming the chief 
constituents of many slate rocks. 

Aluminium occurs also in large quantities as cryolite, a double 
fluoride of aluminium and sodium, Na3AlF6, the name being 
derived from the ice-like appearance of the mineral, which is 
largely worked at Ivigtut in South Greenland ^ and has served 
as an industrial source of the metal. 

Tlie weathering of felspar gives rise to porcelain-clay, china- 
clay, or kaolin, Al2Si207,2H20, whilst the different varieties of 
coloured clays are obtained from a similar disintegration of 
felspatluc rocks containing iron. 

Although alumina is largely contained in all fertile soil, it is 
found only in small quantity in most plants.^ Certain crypto- 
gams, however, especially the species of lycopodium, take it up 
largely. Thus the ash of L. chvatum contains up to 26 * 65 , and 
that of L. clmmaecyparissus even as much as 57*26 per cent, of 
alumina.^ Aluminium is present also in the solar atmosphere. 

326 Preparation of Metallic Aluminium, — The process which 
Wohler used for the preparation of aluminium is one which 
may be employed for the preparation of all those elements 
which occur in nature combined with oxygen, and whose oxides 
are not reducible either in the presence of carbon or of hydrogen. 
It consisted^ in fusing together potassium and chloride of 

1 Halland, J, Ind. Eng, Ghem., 1911, 3, 63. 

* Yoshida, Journ, Chem. Soc , 1887, 61, 748; Berthelot and Androe, Compt, 
rend., 1895, 120, 288 ; see also Smith, Chem. JVeivs, 1903, 88, 135. 

® Aderholdt, Annalen, 1852, 82, 111. 

* Pogg. Ann., 1827, 11, 146. 



732 


THE ALUMINIUM GROUP 


aluminium in a closed crucible. The metal was thus obtained in 
the form of a grey powder, which, under the burnisher, exhibited 
a metallic lustre, and when pressed in an agate mortar adhered 
together in the form of glittering particles. 

Wohler afterwards improved his method, and, by passing the 
vapour of aluminium chloride over potassium, obtained the metal 
in fused globules.^ In the year 1851 Bunsen ^ prepared alu- 
minium by electrolysis of the chloride, and in the same year 
Deville commenced his first experiments on the preparation of 
aluminium on a large scale. The process he employed was that 
of Wohler, potassium being, however, replaced by sodium, and he 
found that instead of the pure chloride it was preferable to use the 
double chloride of aluminium and sodium. In the Paris Exliibi- 
tion of 1855 the “ silver made from clay ’’ naturally attracted 
great attention. Deville then, in concert with other chemists, 
and with the pecuniary help of Napoleon III., extended his 
experiments; with their help the process was still further 
improved, and aluminium was first prepared on the large scale 
at works near Alais, under the direction of Merle. Pure alu- 
minium hydroxide (p. 741) was made into balls with common 
salt and coal dust, and the mixture exposed at a white heat 
to a current of chlorine, by the action of which the volatile double 
chloride of sodium and aluminium, NaChAlClg, was produced. 
The latter was then heated with metallic sodium and a flux, 
and the aluminium run into moulds. 

Electrolytic Production of Aluminium . — The above method 
for the preparation of the metal has now, however, been entirely 
superseded by an electrolytic process. Instead of electrolysing 
fused sodium aluminium chloride, a fused mixture of cryolite 
and common salt was substituted for the chloride by Bernard 
Bros., of Paris, who from 1887 manufactured the metal in this 
manner. 

There are two processes at present employed, which differ 
only in detail : — the Hall process used in the United States, 
and the Ilcroult process employed by the British Aluminium 
Co. and in Europe. Figs. 180 and 181 represent the H6roult 
furnace. Pure aluminium oxide is dissolved in a bath of fused 
cryolite and electrolysed with carbon anodes. The walls of the 
box containing the electrolyte, which is of iron lined with carbon, 
act as the cathode. When the electrolysis has proceeded for a 
short time the molten aluminium acts as the* cathode. In order 

^ Annalen, 1836 , 17 , 44 ; 1841 , 53 , 422 . * ^ogg. Ann., 1854 , 92 , 648 . 




Fias. 180 , 181 . 


of charcoal. From time to time the aluminiunr is tapped off and 
the bath renewed by the addition of fresh quantities of alumina. 
The cryohte simply acts as a solvent for the alumina and by 
proper regulation of the current takes no part in the electrolysis. 
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Aluminium is deposited at the cathode and oxygen is liberated 
at the anode. The anodic oxygen unites with the carbon of 
the anode, forming carbon monoxide which burns to dioxide. 
For every pound of metal produced, from 0*5 to 0*7 lb. of anode 
is consumed. Several anodes are used in each bath and the 
anodes used by the British Aluminium Co. are about 10 inches 
square and made from petroleum coke. The current density 
is 700 amperes per square foot of cathode surface, the voltage 
being 8 to 10 volts. 

When possible, as at Foyers, Niagara, Neuhausen, Christian^ 
sand, etc., water power, as being cheaper than steam power, 
is utilised for the production of the necessary electric current. 
Alloys can also be made directly, instead of the metal itself, 
by carrying out the electrolysis in the presence of the desired 
metal, which dissolves the aluminium as it is liberated. Manu- 
factured electrolytically, aluminium contains uniformly over 
99 per cent, of metal and is very soft and ductile, the chief 
impurities being iron and silicon, and occasionally traces of sodium 
and copper.^ A sample of commercial aluminium manufactured 
at Foyers, which contained 99*75 per cent, of the metal, was 
found by spectroscopic examination to contain sodium, potassium, 
calcium, copper, silver, gallium, iron, manganese, lead, and 
traces of indium. Silver, copper, and gallium were also found 
in the bauxite of Glenravel from which the aluminium was 
extracted.^ The annual output of aluminium slowly increased 
between 1859 and 1888 from one ton to three tons, but from 
about the latter date the production rose very rapidly, and now 
reaches about 150,000 tons per annum. 

Pure aluminium was prepared by Mallet ® from a compound 
of aluminium bromide with the chlorides of potassium and 
sodium, by heating with sodium in a crucible lined with a mixture 
of alumina and sodium aluminate. The product was quite free 
from silicon, iron, sodium, and potassium. 

327 Properties , — Aluminium is a tin-white metal, which is 
capable of assuming a bright pohsh. The appearance of objects 
made of aluminium is often improved by ’giving to the surface 
of the metal a dead appearance. This is accomplished by acting 

on the surface with weak soda-lye, and afterwards washing with 

» 

^ Moieaan, Compt, rend., 1895 , 121, 794 , 851 ; 1897 , 125, 276 ; Defacqz, 
tbtd., 1897 , 125, 1174 . 

* Hartley and Ramage, Joum, Chem. 80 c., 1897 , 71, 547 , 

* Phil Trane., 1880, 171, 1022. 
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dilute nitric acid. Aluminium is malleable and can be drawn 
into fine wire and hammered into very thin leaf. It can be best 
worked at a temperature of 100° to 150°. The commercial 
metal is very sonorous, emitting a tone when struck like that 
of flint glass. The cast metal has a density of 2*70 at 18°, and 
is as hard as silver, whilst the hammered metal has the hardness 
of soft iron, and a specific gravity of 2*67. The hardness is 
again diminished by further heating, and at 600° the metal 
can easily be broken and at a somewhat higher temperature 
can be crushed in a mortar.^ It fuses at 658° + V and boils at 
1800°.^ In order to remelt the metal, a fusing mixture of common 
salt and potassium chloride must be employed, as the presence 
of other fluxes, such as borax, glass, etc., renders the metal very 
impure. 

On slowly cooling it assumes a crystalline structure, the 
forms indicating that it crystallises in octahedra. Its electrical 
conductivity is 61 per cent, of that of pure copper, whilst its 
thermal conductivity is 50 per cent, of that of copper, being second 
to this metal among the commoner metals. The mean specific 
heat of the metal between 0° and 100° is 0*218.® The tensile 
strength of aluminium in the sand cast form is about 12,000 lb. 
per square inch and in drawn bars 28,000 lb. per square inch, 
whilst that of a high carbon cast steel is 132,000. Pure aluminium 
does not oxidise at ordinary temperatures on exposure to air, 
but the impure metal soon becomes covered with a thin coating 
of oxide. When heated in oxygen it oxidises only on the surface 
without combustion. If a fine aluminium wire be wound round 
a jiiece of charcoal, the metal burns brightly with the charcoal 
in oxygen, and if a piece of thin aluminium foil or leaf be heated 
in a glass globe in an atmosphere of oxygen, it burns with a 
sudden flash of intensely white light. Clean aluminium powder, 
however, burns completely in air if strongly heated at one point, 
a small amount of nitride being formed along with the oxide."^ 
Aluminium foil or powder decomposes water at 100°, being slowly 
converted into the hydroxide, which in the former case retains 
the form of the foil. It is not attacked at the ordinary tem- 
perature by water which has been boiled, but is acted on by 

1 Granger, Bull, Soc. chtm., 1902, [3], 27, 789. 

* Day, Sosman and Allen, Afner, J, Sci., 1910, [4], 29, 93; Greenwood, 
Proc, Boy. Soc., 1909, [Al 82, 396; 1910, [A], 83, 483 

* E. H Griffiths and E. Griffiths, PhtL Trans,, 1913, [A], 213, 119. 

* Matignon, Compt, rendr., 1900, 130, 1391. 
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ordinary waters It precipitates the metals lead, silver, and zinc 
from alkaline solutions, whilst neutral or acid solutions are not 
altered by it. It also precipitates metallic copper from a solution 
of copper sulphate. 

Hydrochloric acid is the best solvent for aluminium. Dilute 
sulphuric acid, however, also dissolves it slowly with evolution 
of hydrogen, and concentrated sulphuric acid dissolves it on 
heating with evolution of sulphur dioxide. Dilute nitric acid 
acts slowly on the metals in the cold, ammonium salts being 
produced, but exerts a fairly vigorous action at the boihng 
point. The action diminishes as the concentration of the acid 
increases.^ Organic acids attack it only slightly, but it dissolves 
in them with ease if the protecting layer of hydrogen which is 
produced is mechanically removed.® Aluminium is dissolved 
by aqueous alkalis, including ammonia, hydrogen being evolved. 
It is attacked also by sodium carbonate, both hydrogen and carbon 
dioxide being evolved and sodium aluminate produced. Sodium 
chloride also attacks the metal slowly, its action being greatly 
accelerated by the presence of a weak acid such as acetic acid, 
which dissolves the hydroxide formed (Ditte). The action of 
such a mixture is, moreover, greatly increased by exposure to 
the air. According to Wohler aluminium foil takes fire in a 
current of chlorine, but according to Bottger this is the case 
only when it is tied round with brass wire to which some Dutch 
metal is fastened. At high temperatures aluminium also com- 
bines with sulphur, selenium, tellurium, phosphorus, arsenic, 
and carbon,^ and it forms characteristic alloys with many metals. 

Aluminium also forms organo-metallic bodies such as aluminium 
methide, A1(CH3)3, and ethide, A1(02H5)3, both of which are 
liquids spontaneously inflammable in the air. 

Aluminium possesses so many valuable properties, such, for 
instance, as its low specific gravity, fine lustre, imalterabihty in 
the air and in hydrogen sulphide, non-poisonous qualities, and 
ease of working, that a widespread application of the metal was 

^ Lonatti, Zeit. angew, Chem., 1895, 141; Seligman, J, Inst, Met., 1920, 
23, 159. 

* Lunge and Schmidt, ZeiL angew. Chem., 1892, 7; Stillman, J. Amer. 
Chem. Soc., 1897, 19, 711; Woy, Zett. offentl. Chem., 1903, 9, 158; Watson 
Smith, J. Soc. Chem. Ind , 1904, 23, 475. Compare van Deventer, Chemisch 
Weekblad, 1906, 4, 69. 

» Ditte, Compt. rend., 1898, 127, 919; 1899, 128, 195, 793. See also Seligman 
and Williams, J. Soc. Chem. Ind., 1916, 35, 88; 1918, 37, 159. 

* See Matignon, Compt. rend., 1900, 130, 1391. 



ALUMINIUM 


737 


made as soon as the cheaper processes of manufacture lowered 
the price. 

Aluminium is largely used for the production of carbon-free 
metals, especially manganese and chromium, and for the generation 
of intense heat to be used locally for the welding of iron and steel 
rails, etc. These processes have been developed by Goldschmidt,^ 
whose patented “ Thermite ” consists of a mixture of granulated 
aluminium and the oxide of another metal, in equivalent propor- 
tions, the ignition of which causes the reduction of the metallic 
oxide present, owing to the strong affinity of aluminium for 
oxygen: e.g,; 

FeA + 2A1 = AI 2 O 3 + 2Fe. 

The reaction can only be commenced at a high temperature, 
and for this reason an ignition powder is used, consisting of a 
mixture of aluminium with barium peroxide; this mixture can 
be ignited by means of a match, and yields sufficient heat to 
commence the thermite reaction. The temperature resulting 
from the above reaction may reach 3,000"^ C., and hence the process 
can be made use of in welding iron and steel materials, such as 
tram-rails, etc. According to one method the hot alumina 
resulting from the interaction of the aluminium and ferric oxide 
is poured round the two portions of metal to be welded, which 
are clamped tightly together when they have become sufficiently 
hot ; in a second method the molten iron formed is itself allowed 
to flow around the portions of the metal to be welded, the exceed- 
ingly hot rnetal effecting a junction of the two surfaces and 
simultaneously by its own solidification mechanically strengthen- 
ing the joint. 

Aluminium is also added to steel during casting, as it tends 
to prevent the formation of blow-holes on solidification, acting 
in a similar manner to silicon. 

Aluminium is now largely used in the automobile, cycle, and 
aircraft industries, for electric cables, for the manufacture of 
boiling pans for varnish and for heating oils and melting waxes, 
for condenser tubes and cooking utensils, and in the form of 
powder for paint. 

Aluminium is also employed as a constituent of certain explo- 
sives, since it raises the temperature of explosion ; thus am^nonal 
consists of 72 per cent, ammonium nitrate, 3 per cent, carbon, 
and 25 per cent, aluminium.^ 

^ See J, i6foc. Chem, 1898, 17, 543. 

* Bichel, Zeit angew, Chem., 1906, 18, 1889. 
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328 Alloys of Aluminium , — Copper forms alloys with alu- 
minium possessing the colour of gold and very many of these 
are in use.^ That containing about 10 per cent, of aluminium 
is usually known as aluminium bronze and possesses the 
appearance of standard gold. For the preparation of this 
alloy pure copper must be employed, as that which contains 
iron yields an inferior product. The alloy is malleable, yields 
fine castings, takes a high polish, and has a tensile strength 
almost equal to that of cast steel. It is now used for the 
manufacture of physical apparatus as well as of ornamental 
goods. 

Light alloys of aluminium and copper containing about 4 per 
cent, copper have been largely used during recent years. In 
the form of rolled bars and sheets they give a test approaching 
17 tons per square inch. In some cases a portion of the copper 
has been replaced by manganese, 3 per cent, copper and 1 per 
cent, manganese or 2 per cent, of each of these elements being 
usual. 

Aluminium-copper castings are also made containing between 
11 and 13 per cent, copper which should give in the cast condition 
a tensile strength of 9 tons per square inch. Tin is also used 
in conjunction vith copper for castings, the alloys generally 
containing 9 to 11 per cent, of copper with 0*5 to 1-5 per cent, 
tin or 6 to 8 per cent, copper with 0-5 to 2*0 per cent. tin. 

The most important alloys used for castings are those with 
zinc and copper. According to the British Aircraft Material 
Specifications these alloys should contain between 12-5 and 14*5 
per cent, zinc and between 2-5 and 3-0 per cent, copper, and 
should give in a cast state a tensile test of 11 tons per square 
inch with an elongation of 4 per cent. 

Nickel is sometimes used instead of copper in light allloys. 

Various alloys of aluminium containing magnesium are also 
used, the best known being magnalium and duralumin. These 
contain copper and seldom more than 2-0 per cent, magnesium. 

Aluminium can be alloyed with silver, yielding a hard, easily • 
polished alloy. That containing 4 per cent, of silver has been 
employed for the construction of beams for chemical balances, 
on account of its lightness and its unalterability in the air. 

Gold and aluminium form a very interesting series of alloys. 
Gold containing 1 per cent, of aluminium has a green colour; 
with 10 per cent, it is white and brittle; ard with 22 per cent. 

^ Dagger, J. 80 c. Chem. Ind , 1894, 13, 4. 
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deep purple, this latter alloy having a melting point about 20° 
higher than that of pure gold.^ 

Aluminium combines easily with sodium and potassium, and 
the alloy containing only 2 per cent of sodium decomposes 
water. 

Aluminium also combines with mercury when it is moistened 
with caustic alkali, or when the two metals are fused together 
in an indifferent gas. The amalgam is very brittle, oxidises 
easily in the air, and decomposes water at the ordinary tem- 
perature. The amalgam is also formed when aluminium foil is 
immersed in a solution of mercuric chloride. It has been 
employed as a reducing agent ^ for the estimation of 
water and for the preparation of many organic compounds. 

The following are some of the aluminium alloys used in the 
industries with their technical names : 


Acid Bronze . 
Aluminium Brass 
Argentan 
Duralumin 
Gold Bronz(i . 
Grossman’s Alloy 
Bartinium 
Steel Ikonze . 
Tiers Argent . 


. Cu 90, Alio 

. Cu68-70,Zn 27-31, All-3 
. Cu 70, Ni 23, A1 7 

. A193-2 -95-5,Cu3-5 5*5,MnO*5 0*8,Mg0*5 
. Cu 95-97, A1 3-5 
. A1 87, Cu 8, Sn 5 
. A1 88-7, Cu 6-8, Zn 4*5 
. Cu 90*5, Al 8*5, Hi 1*0 
. Al 66-6, Ag 33*3 


COMPOUNDS OF ALUMINIUM. 

Aluminium and Oxygen. 

329 Aluminium and oxygen form the stable oxide, AI2O3, 
which corresponds with the aluminium salts. There is also some 
possibility of the existence of one or more lower oxides, formed 
by the incomplete oxidation of aluminium in the air, or by the 
reduction of alumina by metallic aluminium.® 

Ahmmium Oxide or Ahmina, AlgOa, is found in nature as 

^ Koberts-Austen, Proc. Roy, 80 c,, 1892, 60, 3(57. Comparo Heycock and 
Novillo, Phil. Trans., 1900, A., 194, 201. 

* Ormandy and Cohen, Journ. Chem 8 or., 1890, 57, 811; Wishconus, J. 
pr. Chem , 1890, 64, 18. 

* Pionchon, Coinpt. lend,, 1893, 117, 328; Duboin, ibid., 1901, 132, 826; 
Kohn-Abrest, Bull. Soc. thim., 1904, [3], 31, 232; Compt, rend., 1905, 141, 
323. 
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the mineral corimdum, which crystallises in hexagonal prisms, 
and occurs in several varieties. The more or less colourless 
crystals, as well as those which are coloured brown by ferric 
oxide and which are either translucent or opaque, are called 
corundum : those which are coloured red by chromium com- 
pounds are termed ruby, whilst those which have a blue tint, due 
to an oxide of titanium, are known as sapphires. The yellow 
crystals are termed oriental topaz, and the purple oriental 
amethyst, whilst the green are called oriental emeralds. Coarse 
and granular corundum containing magnetite or haematite 
intimately mixed with it, and having a grey or blackish colour, 
is termed emery. Of this mineral there are many gradations, 
from the finely ground emery to those kinds in which the corundum 
is present in distinct crystals. Crystallised alumina is excelled 
in hardness only by the diamond and silicon carbide (carborun- 
dum), and hence it is largely used for polishing and grinding the 
surfaces of glass and metal. 

When aluminium hydroxide or aluminium salts containing 
volatile oxy-acids are heated, alumina remains either as a white 
powder or in amorphous gum-like masses. If this is not too 
strongly ignited it dissolves in concentrated acids, which, how- 
ever, do not attack the crystallised compound. When more 
strongly ignited, amorphous alumina becomes denser and harder. 
After ignition in the flame of the spirit lamp it has a specific 
gravity of 3-5, and when more strongly heated in a porcelain- 
kiln it attains a specific gravity of 3-9. It is then nearly as 
hard as corundum but still amorphous (H. Rose). Alumina 
melts at 2010° to 2050° to a thin liquid, which, on coohng, assumes 
a crystalline structure and possesses all the properties of corundum. 
A similar oxide may be obtained by the combustion of the 
finely divided metal. If aluminium hydroxide is moistened 
with potassium dichromate and the dried mass fused before the 
oxy-hydrogen blow pipe, artificial ruby is obtained (Gaudin), and 
the same material may be prepared by heating to whiteness a 
mixture of borax and amorphous alumina containing a small 
quantity of chromium sesquioxide (Ebelmen). Crystallised 
alumina is also obtained when aluminium fluoride is allowed 
to act upon boron trioxide at a very high temperature (Deville 
and Caron), when aluminium phosphate is fused with sodium 
sulphate (Debray), and when alumina is heated to dull redness 
in hydrochloric acid gas at a pressure of t^^-ee atmospheres.^ 

^ Hautefeuille and Peney, Campt. rend.^ 1890, 110, 1038. 
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Fremy, Feil, and Verneuil ^ obtained crystallised alumina on 
the large scale by heating equal parts of alumina and lead oxide 
to a bright red heat. The product consisted of two distinct 
layers : one of these was composed of lead silicate derived from 
the action of the lead oxide upon the silica of the crucible ; the 
other was a vitreous mass, and contained cavities filled with 
colourless crystals of corundum. By the addition of from 2 to 
3 per cent, of potassium dichromate to the materials crystals 
of ruby were obtained. Splendid crystals of rose-red coloured 
ruby were obtained by heating a mixture of equal parts of alu- 
mina and barium fluoride with from 2 to 3 per cent, of potassium 
dichromate to a very high temperature in a glass furnace. This 
is explained by the production of a volatile fluoride of aluminium 
which undergoes decomposition in contact with the gases of the 
furnace, with evolution of hydrofluoric acid and deposition of 
crystalline alumina, the crystals being found in the upper part 
of the crucible. Similar rose-red crystals are formed when 
chlorine is passed over a heated mixture of sodium aluminate 
and 1 per cent, of potassium dichromate.^ 

Synthetic rubies are now prepared by the crystallisation 
of alumina containing 2*5 per cent, of oxide of chromium, the 
process being carried out in an oxy-coal gas flame according 
to a procedure devised by Verneuil.® The same chemist has 
devised a similar process for producing sapphires, by crystal- 
lising alumina containing 0*5 per cent, of oxide of titanium and 
1*5 per cent, of magnetic iron oxide in an oxy-hydrogen reducing 
flame.^ 

In order to dissolve crystallised alumina it must either be 
fused with caustic potash or with acid potassium sulphate. 
It is also dissolved when heated in sealed tubes with concentrated 
sulphuric acid. 

Hydroxides of Aluminium , — Several of these occur in nature. 
The most important are hydrargillite or gibbsite, Al(OH) 3 ; 
diaspore, AIO(OH), both of which are crystalline; and bauxite, 
impure AlgOg, which is found as an amorphous mass of varying 
composition. 

When ammonia is added to a soluble salt of aluminium in the 

1 Compt, rend., 1877, 85, 1029; 1837, 104, 737, 738; 1888, 106, 665; 1890, 
111, 667. 

* Loyer, Bull, Soc, chnn., 1897, [3], 17, 345. 

® Ann, Chim, Phya,, 1904, [8], 3, 20. 

* Vernouil, Compt, rend , 1910, 150, 18® 
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cold, a gelatinous precipitate falls down, but when it is added 
at the boiling point an opaque white precipitate is deposited. 

The composition of the amorphous hydroxide thus obtained is 
a matter of some doubt. According to Ramsay,^ when dried in 
the air it has the composition AlgOgj^^HgO and gradually loses 
water as the temperature is raised, until at 300 ^^ it has approxi- 
mately the composition AlgOgjlIgO. Allen,^ on the other hand, con- 
siders that the amorphous hydroxide is Al(OH)3 or AlgOg.SIIgO ; 
when it is heated at 100*^ or dried over sulphuric acid it 
forms Al203,2H20, which is hygroscopic and takes up water again 
from the air, regaining its original composition. 

The freshly precipitated hydroxide is easily soluble in acids, 
but the naturally occurring crystallised hydroxides arc attacked 
by acids only after moderate heating. The ordinary hydroxide, 
however, when preserved under water for several months becomes 
very difficultly soluble in alkalis and acids, with the exception of 
concentrated sulphuric acid, in which it dissolves readily. This 
form of hydroxide has the composition Al203,3H20 and is termed 
by Tommasi ^ the 8-modification. 

The amorphous hydroxide is also readily soluble in caustic 
alkalis, with which it forms salts of the type IVUAlOg, which are 
considerably hydrolysed in solution.' Unless the atomic ratio 
j\U to A 1 exceeds two, these solutions are unstable, and slowly 
deposit aluminium hydroxide in a form which is much less soluble, 
both in acids and alkalis, than the original hydroxide. This 
precipitated hydroxide is generally regarded as being identical 
with the crystalline mineral gibbsite,^ but according to Russ ® it 
is not crystalline and is best known as the ^-modification. The 
amount of precqiitate obtained depends on the temperature, 
the concentration and the molecular ratio of soda and alumina 
present. Thus at 2U, with a solution containing AI2O3 : NaoO 
1 : 1 * 24 , the maximum yield is obtained from a solution of specific 
gravity 1*173 and amounts to 86 per cent, of the alumina present. 

This reaction is utilised in the preparation of aluminium 
hydroxide from bauxite, which is carried out on a very large 

1 Joum. Chem. Soc., 1877, ii , 395. 

2 Chem, New^, 1900, 82, 75. 

* Journ. Chem. Soc., 1905, 88, u., 712. 

* Noyes and Whitney, Zeit. phyatkal. Chem., 1894, 16, 694; Herz, Zeit. 
anorg. Chem., 1900, 25, 155; Hantzsch, ibid., 1902, 30, 290; Slade, ibid., 1912, 
77, 457; J. Hildebrand, J, Amer. Chem. Soc., 1913, 35, 864; Blum, ibid., 
1913, 35, 1499; Slade and Polack, Trans. Faraday Soc , 1914, 10, 150. 

* Ditte, Compt, rend., 1893, 116, 183. 

® Russ, Zeit. anorg. Chem., 1904, 41, 216. 
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scale to provide material for the manufacture both of metallic 
aluminium and of many of the salts. The alumina is made from 
native bauxite, which contains ferric oxide, silica, and small 
quantities of titanic oxide. In order to remove these impurities 
the bauxite is roasted to oxidise the iron completely to the 
ferric state. It is then digested under pressure of about 80 lb. 
with caustic soda. Sodium aluminate is thus formed from 
which the impurities are filtered off after dilution. The solution 
of sodium aluminate is then treated with some pure precipitated 
aluminium hydroxide, when the bulk of the aluminium is pre- 
cipitated as hydrated oxide, which after washing and drying is 
obtained as a snow white powder. The alkali solution is concen- 
trated and employed again. 

Tlie hydroxide is also manufactured from cryolite by the 
process already described under the alkali manufacture (p. 316). 

Aluminium hydroxide as usually obtained is only very slightly 
soluble in aqueous ammonia, but a form soluble in ammonia can 
be prepared by the decomposition of certain aluminates with 
ammonium chloride and a large excess of ammonia. The hydr- 
oxide readily dissolves in methylamine and other organic bases. ^ 

Aluminium hydroxide occurs also in two soluble modifications, 
both of which are colloidal. One of these, which when dried at 
100'’ has the composition Al20(0H)4 ~ AlgOg + 2H2O, was ob- 
tained by Walter Crum ^ by preparing a solution of normal 
aluminium acetate by the mutual decomposition of lead acetate 
and aluminium sulphate. This, on heating, decomposes with 
separation of the basic acetate, Al2(C2H302)4(0II)2,H20, which 
becomes soluble on treatment for one and a half hours with 200 
times its weight of boiling water. If this solution is allowed to 
stand for ten days and nights at the temperature of boiling 
water in a closed flask, the acetic acid separates from the alumina. 
After a sufficient quantity of water has been added to reduce 
the percentage of alumina to 0*25, the liquid is heated in a flat 
basin to the boiling point, fresh water being constantly added to 
replace that lost by evaporation, until all the acetic acid has 
been driven off. The solution then is perfectly neutral and 
tasteless, but becomes gelatinous on evaporation. 

The second soluble hydroxide of aluminium was obtained by 
Graham ® by dialysis of the basic chloride obtained by dissolving 

» Ronz, Her., 1903, 36 , 2751. 

* Chem. Soc. Quart. Jcurn., 1854, 6 , 21C. 

® Phi. Trans., 1861, 161 , 183. Soe also Schneider, Annalcn, 1890, 257 , 
359; Hantzsch and Dcscl., Annalcn, 1902, 323 , 30. 
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the hydroxide in the normal chloride. The normal salt passes 
through the parchment paper into the water, and a neutral 
tasteless solution containing alumina remains in the dialyser. 
This is very unstable, and after some days passes into a jelly. 
Both these soluble hydroxides are coagulated on the addition 
of traces of a salt, an acid, or an alkali. Graham’s compound acts 
as a mordant, uniting with colouring matters to form lakes, and 
in the coagulated state is readily soluble in acids. Crum’s com- 
pound, on the other hand, termed by Graham “ meta-aluminium 
hydroxide,” does not combine with colouring matter and does 
not dissolve in excess of acid. 

Precipitated aluminium hydroxide possesses in high degree 
the power of withdrawing from solution both inorganic salts and 
organic bodies. This property is employed in dyeing. 

Aluminium peroxide} Al2O3,Al2O4,10H2O, is obtained by add- 
ing an excess of 30 per cent, hydrogen peroxide to aluminium 
hydroxide dissolved in 30 per cent, solution of potassium hydr- 
oxide. Probably the first product of the reaction is AI2O4, 
which is changed by hydrolysis. 

Aluminates, — Like other weak bases, alumina acts toward the 
stronger bases as an acid-forming oxide; thus precipitated 
alumina dissolves in solutions of the caustic alkalis forming 
definite salts, which can also be prepared by the action of the 
alkalis on metallic aluminium.^ 

Potassium Aluminate, KAlOgjl^HgO, is obtained in hard 
glistening crystals when alumina and potash are fused together 
in a silver basin, the solid residue dissolved in water, and the 
solution evaporated in a vacuum. 

Sodium AluminatCy NaAlOg. — This substance is prepared on 
the large scale by fusing cryolite with lime, or bauxite with soda or 
sodium sulphate and carbon, as well as with common salt in a 
current of steam. When the melted mass is lixiviated with 
water and the solution evaporated to dryness, sodium aluminate 
is obtained. As already mentioned, its aqueous solution de- 
composes in presence of aluminium hydroxide. This substance 
is used as a mordant in dyeing and calico-printing, for the pre- 
paration of coloured lakes and of pure alumina, and for the 
sizing of paper, &c. 

Magnesium Aluminate, MgAl204. — This substance occurs in 

^ Temi, Aiti R. Accad. Lincei, 1912, [6], 21, ii., 104. 

* See Allen and Rogers, Amcr. Chem. J,, 1900, 24,<304; Hawley, J. Amer, 
Chem Soc , 1907, 29, 300. 
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natul’e as spinel. It crystallises in regular octahedra, isomorphous 
with magnetite, and is either colourless or variously tinted, and 
is classed in various species according as either the whole or a 
part of the magnesium and aluminium is replaced by isomorphous 
metals. Thus spinel is (Mg,Fe)(Al,Fe)204 ; zinc-spinel or gahnite 
is (Zn,Fe,Mg)(Al,Fe)204, etc. 

The naturally occurring aluminates were artificially prepared 
by Ebelmen, by fusing alumina and the corresponding oxide 
with boron trioxide. This latter substance, which served as 
a solvent, was almost entirely volatilised at a very high tem- 
perature. In this way colourless spinel was obtained, and 
this was coloured red by chromium, blue by cobalt, and black 
by iron ; by a similar process the aluminates of barium, glucinum, 
iron, manganese, etc., can be prepared. Deville and Caron 
also obtained crystals of gahnite and chrysoberyl, Be(A102)2, 
by heating aluminium fluoride, together with fluoride of zinc or 
glucinum, in a carbon crucible which contained a platinum 
basin filled with boron trioxide. 

Salts of Aluminium. 

330 Aluminium forms only one series of salts, in which one 
atom of the metal replaces three atoms of hydrogen. Alumina 
acts as a very weak base and the salts, especially those derived 
from weak acids, such as acetic acid, are very readily decomposed 
by boiling their aqueous solutions, a basic salt or the hydroxide 
being formed. 

Many compounds of aluminium are isomorphous with the 
corresponding compounds of iron, manganese, and chromium. 

Aluminium and the Halogens. 

331 Aluminium Fluoride, AIF 3 , is best obtained by evaporating 
to dryness a solution of aluminium in hydrofluoric acid, and 
subliming the residue, contained in a carbon tube, in a current 
of hydrogen.^ It forms transparent, very obtuse rhombohedra, 
which were formerly supposed to be cubes. It is permanent in 
the air, insoluble in water, and unaltered in the presence of 
acids and aqueous alkalis, but it is decomposed by long-con- 
tinued fusion with sodium carbonate. Aluminium dissolves 
readily in excess of hydrofluoric acid, and from this solution the 

* Brunner, Pogg. Ann., 1866, 08 , 488; Deville, Ann. Ckim. Phys., 1857, 
liii.], 48 , 70; 1861, [3], 61 , 333. 
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hydrate, 2AlF3,7ir20, can be obtained in two forms, one soluble 
and the other insoluble in water.^ The fluoride forms a series 
of double fluorides, of which the most important is : 

Aluminium Sodium Fluoride^ AlFgjSNaF. — This occurs as 
the mineral cryolite at Ivigtut, in the Arksutfjord, on the south- 
west coast of Greenland, where it forms a bed 80 feet thick and 
300 feet long. It was discovered in this locality by Andrada 
at the end of the eighteenth century. Its mineralogical name was 
given to it by him inasmuch as it had an ice-like appearance. 
The investigations of Albidgaard showed that it contained 
hydrofluoric acid, alumina, and an alkali metal, and Klaproth 
found the alkali to be soda. The exact composition of cryolite 
was determined by Vauquelin, Berzelius, and Deville, and in 
1849 — 1850 Julius Thomsen showed that this mineral could be 
decomposed in the dry way by means of lime and lime salts 
as well as in the wet way, and upon this observation an impor- 
tant Danish industry was founded (p. 316). Cryolite usually 
occurs in masses of a snow-white, reddish, brownish, or bluish 
colour, which possess easy cleavage; it is found more rarely in 
triclinic crystals. When acted upon with concentrated sul- 
phuric acid it evolves hydrofluoric acid, and the residue contains 
sodium sulphate, which may be dissolved by the action of cold 
water, the anhydrous aluminium sulphate, which is formed at 
the same time, dissolving only in boiling water. 

Aluminium Chloride, AK^, was first jirepared by Oersted 
by heating a mixture of carbon and alumina in a current of 
dry chlorine. This method was afterwards adopted and im- 
proved by AVohler,^ Liebig,® Bunsen,^ and Deville.*^' It may 
also be readily prepared in a pure condition by heating aluminium 
in chlorine or in hydrochloric acid gas,® the reaction, in the latter 
case, proceeding when once started without requiring any external 
heating.^ The oxide is readily converted into the cliloride hy 
heating it in a stream of sulphur chloride and chlorine.^ 

4AI2O3 + SSgClg + 9CI2 - 8AICI3 + 6SO2. 

1 Baud, Compt rend., 1902, 135 , 1103; Ann. Chim. Phys , 1904, [8], 1 , 8. 

2 Fogg. Ann., 1827, 11 , 146. » JM., 1830, 18 , 43. 

* Ihid., 1864, 92 . 648. ® CompU rend., 1849, 29 , 321. 

* Nilson and PetterBson, Zed. physikal. Chem., 1887, 1 , 459; Stockhausen 
and Gattcrmann, Ber., 1892, 25 , 3521; Gustavson, J. pr. Chem., 1901, f2], 
63 , 1 10 . 

^ Escales, Ber., 1897, 30 , 1314. 

® Matignon and Bourion, Compt rend , 1904, 138 , 031, 700, Bourion, Ann. 
Chim. Phys , 1910, [ 8 ], 20 , 647. 
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Pure aluminium chloride is a white crystalline solid. It 
usually possesses, however, a yellowish or greenish colour, due to 
the presence of ferric chloride and other impurities. When 
heated it volatilises slowly without fusion, and condenses in 
hexagonal tablets, but if a large quantity is quickly heated the 
mass fuses and then boils. Wlien heated in a sealed tube it 
melts at 194°; the boiling point of the liquid appears to be 
about 179°.^ The density of the vapour, according to the experi- 
ments of Nilson and Pettersson (p. 33), corresponds to the formula 
AlC].^, at temperatures above 750°.^ The molecular weight of 
tlie chloride in solution in pyridine,® as determined by the boiling 
point method, also corresponds with the formula AICI3. Alu- 
minium chloride is hygroscopic, absorbing water from the air 
and emitting fumes of hydrogen chloride. It is also easily 
soluble in alcohol and ether. 

AVhen hydrochloric acid gas is passed into a solution of 
aluminium chloride in concentrated hydrochloric acid, large 
hexagonal prisms having the composition AlCl2,6Il20 separate 
out ; ^ these are obtained also by the evaporation of a solution 
of aluminium chloride in water or of aluminium hydroxide in 
liydrochloric acid, and on further heating are easily decomposed 
into water, hydrochloric acid, and residual alumina. 

Aluminium chloride absorbs dry ammonia gas and yields a 
bulky white powder of the composition AlCl3,6NH3, which loses 
one molecule of ammonia at 180°, and when heated in a stream 
of liydr(^gen at 460° yields a sublimate of the compound 
6A1C]3,7NH3. At — 23° a compound, AlClajONHg, is produced.^ 
Aluminium chloride also combines with phosphorus penta- 
chloi ide, phosphorus oxychloride, carbonyl chloride, sulphuretted 
hydrogen,® sulphur dioxide, sulphur tetrachloride,*^ the chlorides 
of Sliver, selenium, and tellurium, as well as with other metallic 
chlorides. It is largely employed in the synthesis of organic 
compounds. 

Sodium Aluminium Chloride, AlCl3,NaCl, is a colourless crystal- 

1 Seubcrt and Pollard, Ber„ 1891, 24, 2576. 

2 ZeiL phijsikal, Chem , 1887, 1 , 459; 1889, 4 , 200. 

^ \Vcmer, Zeit. anorg. Chem, 1897, 15 , 1. Compare Kohler, Amer. Chem, 
J., 1900, 24, 386. 

* Dennis, Zeit. anorg. Chem., 1895, 9 , 339. 

® Baud, Com'pt. rend., 1901, 132 , 134, 090; Ann. Chim. Phys , 1904, [8], 
1 , 8. Compare Stillman and Yoder, Amer. Chem. J., 1895, 17 , 748; and 
Porsoz, Ann. Chim, Phys , 1830, [2], 44 , 319. 

« Baud, Compt. rend., 1902, 134 , 1429; 1906, 140 , 1688. 

7 Ruff, Per., 1901, 34 , 17^9; 1902, 36 , 4453. 
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line mass which melts at 185° (Bunsen) and volatilises at a red 
heat. It readily absorbs water, but in the compact* state it is 
less hygroscopic than aluminium chloride, and for this reason it 
was formerly used instead of the latter compound in the prepara- 
tion of aluminium by the method of Deville. 

Aluminium Bromide^ AlBrg. — When aluminium and bromine 
are brought together they combine with evolution of heat, form- 
ing the above compound. It is obtained by passing the vapour of 
bromine over the metal or a heated mixture of alumina and carbon. 
It forms pale yellow rhombohedral crystals ^ which melt at 
93°, boil at 263*3° (747 mm.), and sublime in crystalline scales. 
The specific gravity of the solid is 2*54. In other respects it is 
analogous to the chloride, and forms the hydrate AlBrgjBHgO* 
The molecular weight as determined by the boiling point and 
freezing point methods with a solution of the bromide in bromine,^ 
and by the boiling point method with a solution in carbon disul- 
phide,® corresponds with the formula AlgBrg. The bromide 
forms a conducting solution in ethyl bromide, from which 
aluminium may be deposited by electrolysis.^ 

Aluminium Iodide, Allg, is formed when the metal and iodine 
are heated together in closed tubes, or brought together in 
presence of carbon disulphide. It is deposited in colourless 
crystals which melt at 125° (Weber) and boil at a temperature 
of 350°. Its specific gravity is 2*63. The vapour is combustible, 
giving rise to an explosive mixture when diluted with air. It is 
soluble in water, alcohol, and carbon disulphide, and forms a 
crystalline hydrate, AlIgjGHgO. Aluminium iodide has been 
employed for the purpose of converting organic chlorine com- 
pounds into iodides. Thus carbon tetrachloride yields the 
corresponding tetraiodide when heated with aluminium iodide 
(Gustavson) : 

4AII3 + 3CCI4 = 4AICI3 + 3CI4. 

Aluminium and the Elements of the Sulphur Group. 

332 Aluminium Sulphide, AlgSg. — Aluminium combines with 
sulphur at a red heat to produce this compound,® which is a yellow 

^ Patten, J. Physical Chem., 1904, 8, 548. 

^ Beckmann, Zetl. anorg. Chem,, 1906, 51» 96. 

* Kohler, Amer, Chem. J,, 1900, 84, 385. 

* Poltnikoff, J, Puss. Phys. Chem. See., 1902. 84,466; Patten, J. Physical 
Chem., 1904, 8, 648. 

^ Knapp and Ebell, Dingl. Polyl. Joum., 1878, 229, 69, 173 ; Fonzes-Diacon, 
Compt. rend., 1900, 130, 134; W. Blitz and Casjiari, Zeit. anorg. Chem., 1911, 
71, 182. 
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mass. It is also formed when sulphur is added to a strongly 
heated mixture of alumina and charcoal/ when the vapour of 
carbon disulphide is passed over strongly heated alumina and, 
along with oxysulphide, when sulphuretted hydrogen is passed 
over heated alumina.^ It melts at 1110°, and at 2 100° in an inert 
atmosphere it loses sulphur and is converted into aluminium 
subsulphidey AIS (Biltz and Caspari). 

It is decomposed with water with formation of sulphuretted 
hydrogen and aluminium hydroxide. The selenide ® and telluride ^ 
are also formed by direct union of the elements. 

Aluminium Sulphate, Al2(S04)3, is obtained by dissolving 
the hydroxide in dilute sulphuric acid. It crystallises with 
difficulty, forming pearly six-sided monoclinic tablets containing 
I8H2O. It possesses a sweet astringent taste, and dissolves in 
two parts of cold water, scarcely at all in alcohol (Berzelius), 
and readily in glycol. This hydrated salt is found as the mineral 
keramohalite in the neighbourhood of active volcanoes, and in 
alum shale. It melts on heating in its water of crystallisation, 
and then swells up, the anhydrous compound being left behind 
as a porous mass, dissolving only slowly again in water. At a 
red heat it is decomposed, leaving a residue of pure alumina. 
The concentrated solution of this salt is a useful reagent for 
potassium salts, as potassium alum, Al2K2(S04)4,24H20, is 
precipitated as a crystalline powder, which is almost completely 
insoluble in an excess of aluminium sulphate.® A hydrate with 
9H2O is precipitated from aqueous solutions of the sulphate by 
alcohol, and a hydrate with 6H2O is formed when Al2(S04)3,18H2() 
is heated with concentrated sulphuric acid.® 

Aluminium sulphate is prepared on the large scale, and is 
known in commerce under the name of concentrated alum 
or sulphate of alumina. For this preparation china clay, as 
free as possible from iron, is employed. This is roasted in a 
reverberatory furnace, by which any iron which may be present 
is rendered insoluble, whilst the aluminium silicate becomes 
more soluble in sulphuric acid. It is then heated in leaden 
boilers with sulphuric acid of specific gravity 1-45, and the 

^ Bucherer, Zeit. angew, Chem , 1892, 5» 483. 

® Gautier, Compt. rend., 1906, 143» 7. 

* Fonzes-Diacon, Compt. rend., 1900, 130, 1314; Chikashige and Aoki, 
Mem. Coll. Scu Kyoto, 1917, 2, 249. 

^ Whitehead, J, Amer. Chem. Soc., 1896, 17, 849; Chikashige and Nos6, 
Mem. Coll. Set. Kyoto, i&17, 2, 227. 

® Wurtz, Diet., i., 174. 

* Schmatolla, Zeit. angew. Chem., 1903, 16, 202. 
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solution is allowed to deposit the silica and any undecomposed 
silicate. The clear liquid is then evaporated down until a small 
portion on cooling is found to solidify. After cooling, the soft 
mass is cut into square blocks and thus brought into the market. 
This material is employed by the dyer as a mordant, and also for 
the purpose of weighting paper and for the treatment of sewage. 

An impure product, known under the name of alum-cake, also 
used largely by paper-makers, is obtained by heating a white 
china clay or bauxite with sulphuric acid. The whole mass 
then becomes solid. It consists of about 12-15 per cent, of 
soluble alumina as sulphate, together with silica and undecom- 
posed aluminate. 

For many purposes a sulphate perfectly free from iron is 
needed. This is prepared by dissolving the pure hydroxide in 
sulphuric acid, or by treating a solution of the crude sulphate 
with pyrolusite (Spence) or calcium ferrocyanide solution 
(Kynaston). 

According to Berzelius a series of basic sulphates of aluminium 
exists, but these are probably mixtures. One of them occurs 
in clay deposits as the mineral aluminite or websterite. It forms 
an earthy mass, having the composition Al2(S04)(0H)4,7H20. 
The same salt is formed when aluminium sulphate is precipitated 
with a quantity of ammonia insufficient to throw down the whole 
of the alumina. When a concentrated solution of aluminium 
sulphate is boiled with the freshly precipitated hydroxide a 
thick solution is formed, and this, on standing for some months, 
deposits a crust of small needle-shaped crystals of a salt 
having the composition Al2(S04)2(0H)2,2Al2{S04)(()II)4,25Il20 
(Rammelsberg). 

A crystalline soluble basic sulphate, Al203,2S03, can be prepared 
by heating an excess of alumina with sulphuric acid under 
pressure, adding a little lime, evaporating the clear liquor, and 
allowing to crystallise.^ 

A crystalline chlorosulphate, A1S04C1,6II20, is formed when 
concentrated hydrochloric acid is added to a solution of the 
sulphate. It is at once decomposed by water. ^ 

The Alums. 

333 Aluminium sulphate forms with the sulphates of the 
alkali metals double salts, which crystallise in regular octahedra, 

1 Spence, German Patent 167419 (17/4/1903). 

* Kecoura, Compt. rend., 1902, 136, 736. 
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and the potassium double salt, Al2(S04)3,K2S04,24H20, has 
long been known under the name of alum. This name is, how- 
ever, now used to designate a whole group of bodies. A number 
of substances with an astringent taste were known to the Greeks 
((TTVTrTr]pLa) and the Romans (alumen), and among these the 
naturally occurring aluminium sulphate and alum seem to have 
been included. We also find the name occurring in the writings 
of the Latin Geber, who speaks of an ice-alum, which is obtained 
from Roccha, and which he was able to purify by recrystallisa- 
tion. The alchemists of the West described this salt as alumen 
de room, in order to distinguish it from the vitriols, and this name 
was afterwards erroneously translated by the French chemists, 
who termed pure alum alun de roche. 

In the thirteenth century an alum factory, erected by Italians, 
existed near Smyrna. They obtained their alum by roasting 
alum-rock, lixiviating the product, and crystallising. In the 
fifteenth century the Genoese erected alum works on the island 
of Ischia, and at the same time the celebrated works at Tolfa, 
in the Papal States, were established. The so-called Roman 
alum, which was there prepared, was, up to recent times, con- 
sidered to be the best, and the manufacture has been resuscitated, 
10,000 tons of alum being made annually at Tolfa by a French 
company. The material from which the alum is manufactured 
m various places in Italy, as well as in Hungary, is the 
alum-rock, the chief constituent of which is the mineral alunite 
or alum-stone, which is itself a double compound of potassium 
suli)liate and basic aluminium sulphate, possessing the formula 
K 2 S 04 , 3 Al 2 (S() 4 )( 0 H) 4 . The rock is a product of the action of 
steam and sulphur dioxide on trachyte, and consists chiefly of a 
mixture of quartz and alum-stone. This is mixed with fuel 
in heaps, or in a furnace similar to a lime-kiln, and the roasted 
mass exposed for some weeks to the air. It then falls to a soft 
material, which is lixiviated with hot water, and the clear liquid, 
on standing, is concentrated in copper pans, and allowed to 
crystallise in wooden vessels. The crystals have a slightly 
orange-red colour, a very characteristic property of Roman 
alum, due to the presence of very finely divided ferric 
oxide, which is mechanically mixed in the mass. On crystal- 
lising the alum from hot water this is left behind in the form of a 
reddish deposit. 

Another method for preparing alum has long been known 
and is described by Agricola and Libavius. For this purpose 
shale is employed. This chiefly occurs in the Silurian and 
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Devonian formations, and contains finely divided iron pyrites, 
distributed through a mass of bituminous shale. The shale is 
heaped together and is either allowed to decompose slowly by 
exposure to the air, or it is roasted. In either case the pjrites 
is oxidised with formation of ferrous sulphate and free sulphuric 
acid, both of which act upon the clay, producing aluminium 
sulphate, which is then dissolved out with water. It was early 
known that the ley thus obtained did not crystallise until an 
alkaU had been added to it. Both Agricola and Libavius 
state that it is customary to add decomposed urine to the ley, 
in order, as the latter author remarks, to separate out the vitriol 
which is contained in solution. The alum thus prepared must 
have been chiefly ammonia-alum. This conclusion is corro- 
borated by Kunkel’s remark, for we find that he states distinctly 
in his Laboratorium Chymicum that alum contains the volatile 
alkali. Instead of urine, potash was soon used, and Hoffmann, 
in 1722, explained why an alkali was added, and this explanation, 
namely, that the crude ley was unable to crystallise because it 
was too acid, and also because it contained a sulphurous impurity 
which had to be removed by the addition of alkaU, was the one 
which was accepted as correct until the end of the eighteenth 
century. At that time, and even up to a later date, it was not 
generally admitted that an alkali formed an essential constituent 
of alum. Moreover, alum was often prepared without the 
addition of such an alkali, for in those days the existence of a 
potassium compound in a mineral such as alunite was not known. 
Bergman and Scheele, who were well aware that alum contained 
potash, considered it to be an impurity. Marggraf then showed 
that pure alumina and sulphuric acid formed an alum only when 
an alkali was added, and hence Lavoisier concluded that two 
bases were contained in alum, viz., the alumina and the fixed 
alkali. These views were not generally accepted until 1797, when 
Chaptel and Vauquelin showed that potash was an essential 
constituent of alum ; the latter chemist, moreover, proved that 
this fixed alkali could be replaced by ammonia, and asserted that 
when aluminous minerals yielded an alum with sulphuric acid, it 
was proof that these minerals contained potash. 

The crude ley from the lixiviation of the burnt shale consists 
essentially of the sulphates of aluminium and iron. The solution 
is then evaporated down in order that the iron salt may be 
deposited, and the solution ultimately obtained, which has a 
specific gravity of 14, contains aluminium sulphate, with a small 
quantity of ferric sulphate. In order to obtain alum from this 
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solution a potassium salt is added, and as the double salt formed 
is sparingly soluble, it separates out at once from the concentrated 
solution. It is most economical to employ a mixture of potassium 
sulphate and chloride, in different proportions, to be determined 
according to the composition of the ley, in order to avoid loss of 
aluminium as aluminium chloride or of potassium as ferrous 
potassium sulphate if ferrous sulphate be present. The crude 
potassium chloride from Stassfurt is now usually employed as the 
source of the potash. This substance is dissolved in a small 
quantity of hot water, and the solution added to the crude ley, 
and alum-meal is then obtained by well stirring the mixture until 
it is cold. The small crystals of which the meal consists are 
washed with a small quantity of cold water, the first wash-water 
being allowed to run into the boiling-down pans, and the last 
wash-water being employed for washing the crude alum. The 
purified meal is then dissolved in boiling water or by means of a 
current of steam, and the solution is brought into large crystal- 
lising vats built of movable staves bound together with iron hoops, 
where the alum is deposited in the large crystals of commerce. 

Until recent years the chief quantity of alum made in England 
has been ammonium alum, prepared according to Spence’s 
method. In this process the black bituminous shale lying 
above the coal-measures is employed as the source of alumina. 
This is made into heaps about 1*5 m. in height and slowly roasted. 
The mass, which when roasted has a light red colour and is 
brittle, is then brought into large covered pans, mixed with 
sulphuric acid diluted with washings obtained in the final stages 
of the process, and heated by means of steam coils placed in the 
pan, until the liquors contain only a small percentage of free 
acid. The impure solution of aluminium sulphate is then run 
into cooling tanks, on the way receiving a sufficient quantity 
of either ammonium or potassium sulphate to convert it into 
ammonium or potassium alum as required. It is then diluted 
with liquors from a later stage in the process and stirred until 
cold to obtain small crystals of alum meal, the liquor run off, 
and the mealy alum washed with liquors and a small quantity 
of water. This is then drained and brought into a funnel-shaped 
vessel, where steam is allowed to blow on it in such a manner that 
the whole of the steam is condensed and all the salt dissolved. 
In half an hour about four tons of alum meal can thus be dissolved. 
The solution is allowed to settle in lead-lined cisterns, and then 
broucht into crystallising vats and allowed to remain in them for 
VOL. II. (i) 3 c 
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a week. The staves are then knocked away, and a cylindrical block 
of alum remains, which is allowed to stand another week. A 
hole is afterwards drilled into the bottom of the block, the 
mother-liquor allowed to run out, and the mass broken up. 
Each vat yields three tons of large crystals, which frequently 
possess an amethystine tint resembling alum containing much 
iron, although they contain less than 0*001 per cent, of that metal. 
This colour is probably due to minute quantities of iron and 
chromium, and not to organic matter. 

Since the introduction of cheap potassium chloride from 
Stassfurt, ammonium alum is no longer so largely made in 
England, the potassium compound being manufactured and 
employed instead. 

Shale is no longer used in many works as a source of alum, 
bauxite being employed and submitted to a similar treatment. 

331 Potassium Almn, Al2(S04)3,K2S04,24H20, is found in 
nature in feathery or mealy crusts or masses, as an efflorescence 
on alum shale, and in volcanic districts, where it is formed by 
the action of sulphur dioxide and oxygen on trachyte and lava. 
Ill some places, as in the districts near Naples and in Sicily, 
alum is produced in sufficient quantity to render its manufacture 
possible, and a very pure alum is obtained from this source. 
Potash alum has a specific gravity of 1*751 ; it crystallises in 
transparent regular octahedra, which often exhibit the cube 
and dodecahedron faces ; its solution possesses a sweet astringent 
taste, and has an acid reaction. One hundred parts of water 
dissolve (Locke) : ^ 

At 0^ 10'’ 20° 30'’ 40° 

K2Al2(S04)4,24H20 5*65 7*6 11*4 16-6 23*8 parts 

At 50° 60° 70° 80° 

K2Al2(S04)4, 241120 36*4 57*4 110*5 321*3 parts. 

It is insoluble in alcohol. On exposure to the air the surface 
becomes opaque and white. This is not, however, due to a loss 
of water, but is caused by the absorption of ammonia and the 
formation of a basic sulphate. When a crystal of alum is placed 
over sulphuric acid or heated to 61°, it loses 18 molecules of 
water (Graham) ; at 92° it melts in its own water of crystallisa- 
tion ; it loses the whole of its water slowly at 100°, and quickly 
at a higher temperature, with formation of what is known as 
burnt alum. This forms a porous mass, which dissolves slowly 
» See Amer. Chem. J , 1901, 26, 174; Phil. Trans., 1904, 203, [A], 214. 
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but completely in water. When alumina is fused with hydro- 
gen potassium sulphate, an anhydrous salt is obtained which 
crystallises in small six-sided crystals, and remains behind 
when the fused mass is treated with hot water. 

Neutral and Basic Alums . — If an alkali is slowly added to 
an alum solution, a precipitate is thrown down which dis- 
appears on stirring, but after a further addition of the alkali it 
remains unaltered. The solution in which the precipitate just 
redissolves has a neutral reaction, and is termed in commerce 
neutral alum; it is employed in dyeing, as it readily gives up 
alumina to the colouring matter, and is free from iron, in- 
asmuch as the alkali decomposes any iron sulphate which the 
liquid may contain. If this solution is allowed to evaporate at 
the ordinary temperature, a crystalline crust is deposited which 
contains the basic salt AJ2(S04)3,2A1(0H)3, together with 
potassium sulphate. If the solution is heated above 40°, com- 
mon alum is formed, and a precipitate of K2S04,Al2S04(0H)4 
is thrown down, this latter substance being identical in compo- 
sition with alunite from Tolfa. When a solution of basic alum 
is heated in sealed tubes to 230°, this compound is also obtained 
in crystals (Mitscherlich). Solutions which contain a small 
quantity of basic alum yield, on spontaneous evaporation, cubical 
crystals. These were first observed by Sieffert in 1772, and 
obtained by him by boiling alum with milk of lime. This so- 
called cubic alum has the same composition as common octa- 
hedral alum, and on heating the solution, to which a small 
quantity of alkali has been added, to a temperature of above 100°, 
ordinary octahedral aliun separates out. Roman alum obtained 
from alunite often occurs in commerce in cubical crystals. 

R^^hidiunl and cccsium also form alums which are very sparingly 
soluble,^ and hence are employed, as has already been described, 
for the separation of these metals from potassium. 

Ammonium Alum, Al2(S04)3,(NH4)2S04,24H20. — This salt is 
very similar to potassium alum. It has a specific gravity of 
1*626, melts at 95°, loses water on heating, and, on ignition, 
leaves a residue of pure alumina. One hundred parts of water 
dissolve (Poggiale) : 

At 0^* lO'* 20"* 30® 

Al2(Nir4)2(S04)4,24Il20 3*9 9*5 15*1 22*0 parts. 

At 40® 50® 60® 

Al2(NH4)2(S04)4,24H20 30*9 44*1 66*7 parts. 

^ See Locke, Amer. Chem. J., 1901, 26» 166. 
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Commercial alum frequently contains both potassium and 
ammonium in varying proportions. 

A hydroxylaminc alun^ is also known.^ 

Sodium Alum, Al2(S04)3,Na2S04,24H20. — It was formerly 
believed that aluminium sulphate did not form an alum with 
sodium sulphate, but this salt was prepared in the year 1816 
by Zellner.2 Sodium alum is much more readily soluble in 
water than the other alums. Its specific gravity is 1-6. It 
effloresces in the air, and loses the whole of its water at a 
temperature of from 40'' to 50*^, leaving an easily soluble 
residue. It is not manufactured on the large scale, as on account 
of its solubility it is difficult to prepare in the pure state. 

Silver Alum, Al2(S04)3,Ag2S04,24H20, is said to be obtained 
by heating a mixture of silver sulphate and aluminium sulphate, 
together with some water, in sealed tubes, until the silver sulphate 
is dissolved, when, on cooling, octahedral crystals are deposited, 
which are decomposed into their constituents by water.® Retgers 
denies the existence of this alum. 

Besides the above-mentioned alums, a number of other alums 
are known in which the aluminium is replaced by isomorphous 
metals, such as iron, manganese, and chromium. A peculiar 
nomenclature has arisen in the description of these compounds. 
If none of the isomorphous metals replaces aluminium, as in the 
above-mentioned alums, each is an aluminium alum. The 
names, iron alum, chromium alum, and manganese alum, on the 
other hand, are used, as a rule, to designate the potassium 
double sulphates of these metals. If potassium is replaced 
by other metals, then the names of both metals must be men- 
tioned, as, for instance, ammonium chromium alum, and so forth. 

Selenic acid also forms a series of alums, having the general 
formula 1^2^^(8004)3, M2^Se04,24H20, 

Aluminium sulphate also forms double salts with potassium and 
ammonium sulphates containing SHgO, which are obtained by 
fusing the corresponding alums and maintaining the liquid 
at about 86". Slender crystals of the new hydrates then separate, 
but they are difficult to prepare, and have not been carefully 
examined.^ Their formation is of interest, because compounds of 
the same type are formed by the sulphates of thallium and 
the metals of the rare earths, which do not form true alums. 

^ Meyeringh, Ber., 1877, 10, 1946. 

* See also Wadmoro, Proc. Chem. 80 c., 1905, 21, 160; W. R. Smith, 
Amer, Chem. 80 c., 1909, 31, 245; Uumont, German Patent 141670. 

^ Church and Northcote, Chem. News, 1864, 9» 155. 

* Marino, Qazz., 1905, 85» ii.» 341. 
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Aluminium and Nitrogen and Phosphorus. 

335 Aluminium Nitride^ AIN, is formed in small yellow crystals 
when aluminium is strongly heated in nitrogen ^ or ammonia.^ It 
is rapidly decomposed by water. It is manufactured by the 
Societe G6n6rale des Nitrures in Savoy, by strongly heating 
bauxite with carbon and passing nitrogen over the mixture : 

2Al203+3C2+2N2=4AlN+6C0. 

The nitride is then treated with water and ammonia produced : 

2A1N+6H20-2A1(0H)3+2NH3. 

The alumina can be used for the manufacture of aluminium, or 
employed over again.^ 

Aluminium Nitrate, A1(N03)3, is obtained by dissolving the 
hydroxide in nitric acid, and evaporating the solution with 
occasional addition of nitric acid. On cooling, the salt 
A1(N03)3,9H20 separates out either in very deliquescent mono- 
clinic prisms or in flat orthorhombic crystals. In nitric acid of 
density 1*5 the stable phase is the hexahydrate, A1(N03)3,6H20, 
which often separates as a metastable form from less concentrated 
acid.^ The salt decomposes at 150 °, leaving a residue of pure 
alumina (Deville), and this reaction may be employed for the 
separation of aluminium from calcium and magnesium, metals 
whose nitrates do not decompose at so low a temperature. The 
solution of the normal nitrate, obtained by exactly precipitating 
a solution of lead nitrate with aluminium sulphate, is used as a 
mordant in calico-printing with alizarin colours. 

Phosphides of Aluminium, — ^When a mixture of aluminium 
powder and red phosphorus is fired, the two elements unite, 
forming the compound AlP, which is decomposed by water with 
formation of aluminium hydroxide and phosphine.^ Various 
other compounds, Al5P3,Al3P7 and AI3P, have been described.® 

Phosphates of Aluminium, — Normal aluminium orthophos- 
phate, AIPO4, is obtained as a gelatinous precipitate by adding 

^ Mallet, Journ, Chem. 80c, 1876, ii., 349; Fichtcr, ZeU, miorg, Chem , 
1007, 54, 322; 1913, 82, 102. 

* Matignon, Compt. rend., 1900, 130, 1390; White and Kirschbraun, J. 
Amer. Chem. 80c , 1906, 28, 1343. 

® Serpek, Gorman Patents 236213 and 236044 ; also 239909. 

* Seligman and Williams, Trans Chem 80c, 1916, 109, 612; Inamura, J. 
Tokyo Chem 80c , 1920, 41, 1. 

® Fonzes-Diacon, Compt. rend., 1900, 130, 1314; Matignon, ibid., 1900, 
130, 1390. 

® Franck, Chem, Zett., 1898, 22, 236. 
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a neutral solution of an aluminium salt to a solution of sodium 
phosphate. It is soluble in mineral alkalis and acids, and in 
ammonia.^ If an acid solution of the salt be precipitated with 
ammonia, a basic salt, 3A1P04,5A1(0H)3, is thrown down; this 
combined with nine molecules of water, forms the crystalline 
mineral wavellite. In addition to this, many other basic and 
double phosphates of aluminium occur in the mineral kingdom, 
of which the mineral turquoise or calaite, occurring in Persia and 
valued as a gem, is one of the most important. This is coloured 
a greenish or bluish colour by copper, and is the basic salt, 
A1P04,A1(0H)3,H20. Most of the turquoise, not artificial, used 
in jewellery in former centuries as well as at the present time, and 
described in early works on mineralogy, is bone-turquoise or 
odontolite, a fossil bone or tooth coloured by phosphate of iron. 
An aluminium j^hosphate containing 38 per cent, of phosphoric 
oxide occurs in Algiers, at Fauzan and in the Island of Grand 
Connetable, and is employed as a source both of alumina and of 
phosphoric acid.*^ 


Aluminium and Boron, Carbon, and Silicon. 

336 The compounds of aluminium and boron have been 
described in Vol. I., p. 723. 

Aluminium Carbide, AIJC3, was obtained by Moissan by heating 
aluminium in a carbon crucible in the electric furnace,® and 
appears to be formed from the carbon monoxide produced, 
although the carbon and aluminium can unite directly and 
rapidly in vacuo at 1400®."^ It is also produced when alumina 
is heated with calcium carbide, and when aluminium is lieated in 
carbon monoxide in presence of aluminium chloride.® It forms 
yellow crystals and is decomposed by water with formation of 
pure methane : 

AI 4 C 3 f 12 H 20 ^ i A1(OH)3+3(Uf4. 

337 Silicxiles of Aluminium , — It has already been stated that 
the various silicates of aluminium occur in combination with 
other silicates to form the chief constituents of the solid crust 

^ See Caven and IIill, J. Soc, Chem Ind , 1897, 16 , 29. 

* Grognot, Itev, Gen. Chnn , 1900, 9, 149. 

® Compt. rend , 1895, 119 , 9. 

* Pring, Journ. Chem, Soc., 1905, 87 , 1530; 1908, 93 , 2107. 

® Guntz and Masson, Compt. rend,, 1897, 124 , 187. Gee also Matignon, Ann. 
Chim. Phys., 1908, [8], 13 , 276. 
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of the earth. The number of these compounds is extremely 
large, and only those can be mentioned in this work which 
possess a general interest. 

Topaz, Al 2 Si 04 F 2 , occurs in granite, gneiss, and mica-schist 
in the form of rhombic prisms, which are transparent and 
usually colourless, or of a light- or dark-yellow colour. The 
finest topaz occurs in the Urals, Siberia, and Brazil. The 
common forms are not infrequently employed for the manu- 
facture of polishing powder instead of emery. 

Noble Garnet, (Mg,Fe) 3 Al 2 Si 30 i 2 * — This, like the other members 
of the group of garnets, crystallises in the regular system, the 
dodecahedron being the most prominent form. The crystals are 
transparent, and are coloured, according to the quantity of iron 
which they contain, from a pale yellow up to a dark red tint. 

Potash Felspar or Orthoclase, K 3 ,Al 3 (Si 30 g) 3 , is mined in great 
quantity for the manufacture of porcelain and similar materials, 
and it has also been utilised as a source of potash by roasting with 
lime and then extracting with water; beyond selection at the 
mines of the cleavage fragments of the crystalline mineral, no 
artificial work is put upon the native product. Large quan- 
tities are shipped to the pottery districts of the Midlands, and 
before being used it is very finely ground, either alone or along 
with other materials. When strongly heated, felspar fuses, and 
on cooling does not again crystallise, but solidifies to a colourless 
glass ; hence it is used either to act as a frit or fusible material 
to bind together most firmly the infusible particles of clay form- 
ing the body of the porcelain or earthenware, and so produce a 
hard, translucent, lustrous mass, or else to act as a flux on the 
surface of the porcelain or earthenware so as to give it a smooth, 
glazed surface which it would not otherwise possess. 

Hydrated Aluminium Silicate or Kaolin, H2Al2Si208,H20, is 
formed by the weathering of felspar, which loses the whole of 
its potash and two-thirds of its silica, and takes in their place 
a small proportion of water. This substance is a distinct mineral 
species and frequently occurs crystallised in four- or six-sided 
tablets belonging to the rhombic system; even where the 
mass appears to be an amorphous powder, the microscope and 
also the peculiar soapy feeling between the fingers show it to 
consist of very fine crystalline scales. It is frequently accom- 
panied by crystals of quartz, and if the original felspar rock or 
its admixed minerals contained iron, the kaolin is coloured 
more or less yellow, red, or green by the presence of ferric or 
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ferrous oxides. Kaolin is found in China, near the Kauling 
Mountains, whence its name is derived; in Europe the finest 
china clay is found in Yrieux near Limoges, and it is from this 
that the celebrated Sevres porcelain is made ; good china clay is 
likewise found in Cornwall, Saxony, various localities in America, 
and elsewhere. The following table gives the composition of 
some varieties : 



SiO,. 

A1,03. 

HjO. 

(K,Na),(). 

Fe.Oj. 

(Ca,Mg)0 

HjAlgSijO^ } H,0 . 

. 46-4 

39-7 

13-9 

— 

— 

— 

Kaolin from China . 

. 60*6 

.32-7 

100 

2-5 

2-6 

0-8 

„ „ Yrieux . 

. 48-4 

34*9 

12-6 

2-4 

13 

— 

„ Cornwall 

. 46 4 

38*6 

91 

1-8 

— 

3-5 

Cornwall C'lay 

. 45 8 

39-4 

14-3 

— 


— 

Dorsetshire blue clay 

. 46-4 

38 0 

13*4 

— 

10 

1-2 


Ordinary clay consists of a mixture of kaolin with silica, ferric 
oxide, calcium carbonate, magnesium carbonate, and organic 
matter. Thus Stourbridge clay used for making crucibles, fire- 
bricks, gas retorts, etc., contains approximately 40 per cent, of 
free silica and 60 per cent, of kaolin. Kaolin kneaded to a 
paste with water forms a plastic mass easily cut, pressed to 
any shape, squirted by pressure through dies to form rods or 
tubes, cut into lengths to make bricks, etc. ; when gradually 
dried such worked clay does not crumble and when the articles 
are subsequently heated to drive off the combined water they 
shrink about 10 per cent, in their length and bake into a hard, 
porous solid. At all ordinary furnace temperatures, kaolin 
cannot be fused, but the presence of very small quantities of 
foreign materials induces partial fusion so that the mixture 
becomes more or less soft and pasty in the furnace ; oxide of iron 
particularly has this effect, as well as lime and the alkalis. Upon 
his skill in choosing and admixing certain fusible materials with 
kaolin and impure clays the success of the potter depends.^ 

338 History of Earthenware, Pottery, and Porcelain, — The 
potter’s art is one of the oldest in existence. The Egyptians 
were well acquainted with the means of glazing ware made of 
burnt clay, as well as with the art of enamelling in colours. 
Amongst European nations the Etruscans were especially cele- 
brated in early times for their proficiency in the manufacture 
of painted pottery ware, and in Pliny’s time several towns in 
Greece and Italy were well known for the beauty and artistic 
taste of their vases, urns, and other pottery wares. 

Porcelain was not known to the Romans, although the Chinese 

' For a fuller account of Pottery and Porcelain, consult Burton's article in 
Vol. IV. of Thorpe’s Dtctionarj of Applied Chemistry ^913). 
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have manufactured it for ages, and the Egyptian tombs contain 
remains of vessels of a material closely allied to porcelain. 
The art of glazing pottery with the oxides of lead and tin was 
generally practised in Europe during the Middle Ages, and we 
find a description of the process then adopted in the writings 
of the alchemists Peter Bonus and Albertus Magnus at the 
beginning of the thirteenth century. In the following century 
the potter’s art made great strides. Agricola published many 
receipts concerning this manufacture ; amongst others, he 
states not only that a mixture of litharge with tin oxide gives a 
good glaze, but that the former oxide may be employed alone for 
this purpose. 

Amongst those who have been most active in promoting the 
progress of the ceramic art the name of Bernard Palissy stands 
pre-eminent. Devoting himself with self-sacrificing assiduity 
to the production of glazed and coloured faience, Palissy laid 
the foundation of modern art pottery. His numerous writings, 
published during the latter half of the sixteenth century, spread 
a knowledge of his experimental methods throughout Europe; 
but his works UArt de Terre et des Terres d^Argde are confined 
to a description of the manufacture of earthenware ; it was not 
until the year 1709 that the method of making porcelain was 
discovered by Bcitticher, and in the following year the celebrated 
porcelain manufactory at Meissen, in Saxony, was established. 

The mode of preparation of the Meissen porcelain being 
naturally kept secret, the King of Prussia instructed the cele- 
brated chemist Pott to determine the nature of the materials 
used, and he, being unable to obtain any satisfactory information, 
was obliged to investigate the properties of those substances 
which might possibly be used in the manufacture, mixed in varied 
proportions; for this purpose Pott is said to have made no 
fewer than 30,000 experiments. To these we are mainly indebted 
for the establishment of the reactions which occur when various 
minerals are heated, and much valuable information applicable 
to the manufacture of porcelain was thus obtained. About the 
same time Reaumur endeavoured to ascertain the secret of 
porcelain-making, and found that it is produced by the union of 
two earths, one of which is fusible, whilst the other is infusible 
at the same temperature, so that by the firing of an intimate 
mixture a non-porous, translucent mass is formed. 

His investigations were taken up in the year 1758 by Laura- 
guais, D’Arcet, and Legay, in France, and by the help of 
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Macquer they succeeded in re-discovering the art of porcelain- 
making, and in the year 1769 the celebrated porcelain manufactory 
of Sevres was founded. 

Even up to the beginning of the nineteenth century real 
porcelain was a material of great rarity and value. At the 
present day, however, it is cheap, and is employed for making 
the most ordinary articles of everyday use. 

Hard Porcelain or True Porcelain is distinguished by its 
fine and hard, translucent structure, and is with difficulty 
attacked by chemical reagents. According to Emmerling’s ex- 
periments, water and acids, even when boiled, have next to no 
action on porcelain, and it is attacked by alkalis less powerfully 
than glass, and hence in chemical and analytical operations the 
use of porcelain is much to be preferred to that of glass. 
Porcelain also stands rapid alteration of temperature without 
cracking, and this property is one of extreme value to chemists ; 
whilst its beauty, and the fact that its surface is capable of 
taking colours which will stand firing, render it of great importance 
in the manufacture of objects of art. 

In the manufacture of porcelain the infusible kaolin is mixed 
with a frit, flux, or fusible material, consisting of a silicate. This 
on fusion penetrates into the pores of the heated clay, producing 
a hard, apparently homogeneous, translucent mass lustrous 
on its fractured faces. The name porcelain is derived from a 
Portuguese word 'porcellana, a shell which is similar in general 
appearance to porcelain. The ordinary flux employed is felspar, 
but other materials may be admixed with it, depending upon 
the composition of the kaolin employed. 

When a mixture has proved to be successful, each manufac- 
turer adheres strictly to his special receipt, not only because an 
alteration in the proportions would render a different tempera- 
ture necessary for burning, but especially because it would 
also entail a variation in the shrinking of the mass, and as the 
manufacturer has frequently to prepare his wares to pattern, 
it is necessary to keep to one rate of shrinkage. On the deter- 
mination of the purity of the materials and of the fire-resisting 
power of clays Bischof and Richters ^ have published elaborate 
investigations, to which we must refer the reader. 

The greatest care has to be taken in the thorough mixing of 
the materials, and in obtaining them in a very finely-divided 
state. For this purpose they are ground together with water 

1 C. Bischof, DingL Pd’yt. Joum., 159-211; Richters, tbid., 191-197. 
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to a thin cream which is passed through very fine sieves, and 
the excess of water is then got rid of by means of a special 
pattern of filter press. The lumps of moist material are then 
stocked ready to be worked up on the potter’s wheel, or brought 
into the requisite shape by pressing into moulds, and the objects 
thus prepared are allowed to dry at the ordinary temperature 
before being fired in the upper portion of the porcelain kiln. 
Tlie fired goods are then dipped into water containing the finely- 
divided glaze in suspension. The composition of porcelain glaze 
is seen in the following table : 

S6vrcs. Meisson. Borlin. 

Pure ground felspar. Quartz .... 37 Quartz 43 

Kaolin from Seihtz 37 Kaolin from Moil . . 31 

Limo .... 17*5 Gypsum .... 14 

Broken porcelain . 8 5 Broken porcelain , . 12 

100 0 100 

The articles are dried and exposed to a higher temperature 
in the porcelain kiln, which consists essentially of a high rever- 
beratory furnace. The flame and hot gases surround the earthen- 
ware ‘‘ seggars,” or infusible crucibles, in which the porcelain 
ware is placed to protect it from the smoke and direct action of 
the flame. When the temperature has reached its maximum, 
the kiln with its contents is bricked up, and the whole allowed 
to cool very slowly. This annealing process is necessary, as the 
glaze forms a true glass, and if the heated mass were quickly 
cooled the porcelain would be brittle from the unequal tension 
of its different parts. 

Painting on porcelain is a branch of the art of glass-stain- 
ing and the same substances are employed for painting upon 
porcelain as are used in colouring glass. They are divided into 
two classes : (1) Those which are not destroyed at the tempera- 
ture of the porcelain kiln, and can be painted on the ware below 
the glaze — these are termed refractory colours, and include cobalt- 
blue, chrome-green, the brown produced by oxide of iron or 
manganese, chromate of iron, etc., and uranium black; and (2) 
those colours which are injured when heated above a certain 
temj)eraturc — these are termed mufile-colours, because they are 
fixed on the glazed ware by a separate firing at a lower tempera- 
ture in a muffle. The following substances are used as mufile- 
colours : iridium oxide, cupric oxide, cuprous oxide, chromate 
of lead, silver chloride, purple of Cassius, etc., and an admixed 
flux for these is employed, consisting of quartz or sand, borax 
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or boric acid, felspar, litharge or red lead, nitre and the carbonates 
of potassium and sodium, in suitable proportions. 

Tender or Fritted Porcelain . — This form of porcelain was 
first prepared in 1695 by Morin in St. Cloud. The mass re- 
sembles that of true china, but the frit and glaze are much 
more fusible. This is the kind of porcelain specially manu- 
factured in England. The materials employed in this manu- 
facture are : (1) The mass or body, composed of Cornish stone, 
China clay, or decomposed pegmatite. (2) The frit or fusible 
material, consisting of bone ash or mineral phosphate with, 
sometimes, the addition of borax. (3) The glaze, consisting of 
bone ash, sand, borax, potashes, and lead oxide. The following 
are mixtures in use for English china : 



I. 

II 

III. 

Bone ash . 

. 47 

41 

47-3 

Cornish stone . 

. 31 

30 

— 

China clay . 

. 22 

29 

33-8 

Felspar . 

. — 

— 

18-9 


100 

100 

100-0 


The glaze used for English table ware consists of : 


Cornish stone 31 

Chalk 17 

Ground flint 15 

Borax 31 


100 

These materials are fritted, ground, and mixed with 10 per cent, 
of Cornish stone and 20 per cent, of white lead. 

Parian or Carrara Biscuit-ware is a white, unglazed porcelain, 
less fusible than ordinary tender porcelain and largely used for 
the preparation of statuettes. 

Stoneware is distinguished from porcelain by its opacity, due 
to the fact that the mass is not nearly so finely ground and 
consequently not so intimately mixed with the frit as is the 
case with porcelain. The materials used are the plastic clays 
and pipe-clays found in large quantity in the coal-measures, 
and these are mixed with a frit which is either felspathic or 
may contain lead or borax, the proportion of frit used being 
larger than in the case of porcelain. The mass often contains 
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quartz granules of considerable size, and the materials used 
are not specially selected to be particularly free from iron 
oxides. Stoneware is therefore much cheaper than porcelain 
and is largely used for the construction of chemical manu- 
facturing plant, such as condensing tubes and bottles for 
hydrochloric and nitric acids, evaporating pans, centrifugal 
machines, large store tanks, cooling worms, pumps, injectors, 
fans, taps, etc. 

Semi-porcelain . — This is a fine kind of stoneware, prepared 
from a white, plastic clay, to which ground quartz or fimt, or even 
felspathic stone, is added in the requisite quantity. After the 
first burning it is porous and adheres to the tongue. It is then 
glazed with a transparent glaze consisting of borax, quartz, soda, 
and oxide of lead. 

Earthenware or Cmnmon Pottery Ware. — This material is 
like the foregoing, inasmuch as it is porous, but it is compara- 
tively soft and easily broken or cut by steel tools and will not long 
withstand the action of strong chemicals. Earthenware is made 
from a coloured plastic clay the impurities of which act as the 
frit, and in order to diminish the shrinking it is frequently 
mixed with marl, i. e., a clay containing a considerable propor- 
tion of admixed sand grains. It is glazed by throwing common 
salt into the kiln when the burning is nearly complete. This is 
volatilised and decomposed by the aqueous vapour and the 
products of combustion, with formation of hydrochloric acid 
and soda, which latter unites with the clay to form a sodium 
aluminium silicate. It may also be glazed with a lead glaze. 
Earthenware is largely used for agricultural drain-pipes, tiles, 
bricks, flower-pots, and in the glazed form for pans and basins 
for domestic use.^ 

Faience is an opaque, porous, generally soft body pottery, 
always coloured, with either a glaze rendered white and opaque 
by tin or sometimes by calcium phosphate {faience Smaillee), 
or else a transparent lead glaze. In this latter case a slip of 
finer clay generally covers the coarse body. It was known and 
manufactured in the 9th century by the Arabians, and the 
knowledge of the manufacture passed with the Moors into Spain, 
and established itself in the Island of Majorca, whence the name 
Majolica is derived, being the old Tuscan name for this island. 
The same ware in Italy was named faience from the name of 

^ Consult the articb * Fritts and Glazes,” m Vol. II. of Thorpe’s Dictionary 
of Applied Chemistry. 
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the town of Faenze, where the industry was established in the 
13th century, and flourished until the 15th. In France, the 
manufacture was commenced by Bernard Palissy in the 16tli 
century. 

Crucibles , — The various kinds of melting crucibles which are 
made of clay have a special interest to the chemist. These 
lequire to be made of material which will stand a very high 
temperature without softening or breaking up, and is capable 
of withstanding rapid changes of temperature. The well-known 
Hessian crucibles are made of a clay containing about 71 parts of 
silica, 25 of alumina, and 4 of oxide of iron, and this is mixed 
with one-third to one-half its weight of quartz sand, while 
plumbago crucibles are made of a finer and purer clay admixed 
with plumbago scales which serve to knit the clay together 
instead of a frit. 


Ultramarine. 

339 A double silicate of aluminium and sodium containing 
sulphur, known as lazurite, occurs in the rock known as lapis 
lazuli, and has long been valued for its splendid blue colour. Its 
constitution is, however, as yet unknown. Lapis lazuli usually 
occurs in the massive condition, and is found in Central Asia, 
Siberia, Persia, China, etc. It is largely used for making vases 
and for inlaying ornamental furniture, and the powdered 
lazurite, extracted from the powdered rock by washing with 
water, forms a valuable paint termed ultramarine. This su bstance 
is, however, now artificially prepared on a large scale. 

Tassaert observed in 1814 the formation of a blue colour in 
one of his black-ash furnaces at the celebrated glass-works of 
Saint Gobain, and Vauquelin showed that this colour was identi- 
cal with lapis lazuli. In 1824 a prize was offered in France for 
the discovery of a practical method of manufacturing this colour, 
and this problem was successfully solved in the year 1828 
simultaneously by Guimet ^ and Christian Gmelin, the latter of 
whom published the process in the year 1828.^ 

Since this date the ultramarine industry has largely increased. 
The chief quantity of the substance is manufactured in Ger- 
many, and the total production now amounts to about 10,000 
tons per annum. Different varieties of ultramarine occur in 
commerce ; these, however, can be divided into two classes. 

^ Ann, Chtm. Phys., 1831, 46, 431. * Quart. Journ. Science, 1828, 2, 216. 
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Ultramarine j)Oor in sulphur is obtained by heating a mixture 
of china clay (100 pts.) with charcoal (12 pts.), soda ash (100 pts.), 
and sulphur (60 pts.) in closed crucibles placed in a furnace. 
Instead of charcoal, tar or resin is sometimes employed. In 
this way a colourless compound is first produced, termed white 
ultramarine, which, however, soon becomes of a green colour. 
The green ultramarine thus obtained, which is also used as a 
colour, is then mixed with 7 per cent, of sulphur and heated in 
a retort. The sulphur takes fire and is allowed to burn in the 
air, when the product becomes of a fine blue colour. Ultra- 
7narine rich in sulphur is generally obtained by heating china 
clay (100 pts.) with soda ash (103 pts.), kieselguhr (16 pts.), 
sulphur (117 pts.), and resin or charcoal (4 pts.) in a muffle 
furnace, when a blue product is at once obtained which, accord- 
ing to the quantity of silica originally added, retains more or 
less of a red tinge. The different kinds of both green and blue 
ultramarine are then finely ground and washed with water, 
and thus the several marketable varieties are obtained. The 
following table gives the composition of some different ultra- 
marines : 

Blue. 


SiOg . 

(*reen 

. 38-52 

AI 2 O 3 . 

28-94 

NagO . . 

. 23-68 

S . . . . 

. 8-30 

Earthy rcvSidue 

. 1-94 


101-38 


Poor m Sulphur. Rich m Sulphur. 


37-90 . 

. 40-77 

29-30 . 

. 23-74 

22-60 . 

. 18-54 

7-86 . 

. 13-58 

2-36 . 

. 3-61 

100-02 

100-24 


The ultramarine which is poor in sulphur is decolorised by the 
action of a cold solution of alum, wfflilst the ultramarines rich 
in sulphur withstand the action of this salt, and the more com- 
pletely the more sulphur they contain. Hence these latter 
varieties are employed in cases in which the colouring matter 
comes in contact with aluminium salts, as, for instance, the 
blueing of paper and in calico-printing. The different kinds of 
ultramarine are very largely employed in the arts for water- 
colours, as oil-paint, and for paper-staining. 

Ultramarine blue crystallises in the cubic system. It is fairly 
stable at a red heat, but loses a httle of its brilliancy and turns 
somewhat greenish. It is stable towards caustic alkalis, but is 
easily decomposed by dilute mineral acids with deposition of 
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sulphur and evolution of sulphur dioxide and hydrogen sulphide, 
the latter being in excess and reacting with the former to produce 
more sulphur.^ Curiously enough, cold concentrated sulphuric 
acid or a mixture of acetic anhydride and glacial acetic acid has 
no action on ultramarine.^ It loses sulphur when heated with 
mercuric oxide. It is transformed into a white solid when 
heated to 200—300° with water, and sodium sulphide passes 
into solution. It also loses part of its sulphur when heated 
to 450° in hydrogen, but still remains blue. At 250°, in a stream 
of steam, chlorine, or hydrogen chloride, it changes into a violet 
ultramarine, which in turn can be converted into a red ultra- 
marine.® 

When blue ultramarine is heated with a solution of silver 
nitrate, the sodium is replaced by silver, and a yellow powder 
of silver ultramarine is obtained which under the microscope is 
seen in the form of dark lemon-yellow, transparent particles.^ It 
is easily decomposed by acids with separation of silica, one-third 
of the silver being precipitated as silver sulphide, but without 
evolution of sulphuretted hydrogen. If silver ultramarine be 
heated with a solution of potassium chloride, the silver is re- 
placed by potassium, and in this way blue potassium ultramarine 
is obtained, a substance which has hitherto not been prepared 
directly (Heumann). A bright blue lithium ultramarine and 
numerous other substituted ultramarines have been prepared in 
similar manner or by heating silver ultramarine with molten 
metallic chlorides.® Only those containing the alkali metals are 
blue in colour. Organic derivatives of ultramarine, such as 
ethyl ultramarine, have also been obtained from the silver 
compound by the action of the alkyl iodides.® Ultramarines 
containing selenium and tellurium in place of sulphur have been 
prepared, but they are not blue. 

The preparation of these substituted ultramarines has not, 
however, led to the recognition of the chemical nature of ultra- 
marine, and the difficult problem of the constitution of this 

^ Guckelberger, AnnaUn, 1882, 213, 182. 

* Hofmann and Metzener, Ber, 1906, 38, 2482; Wunder, Zeit. anorg. 
Chern,, 1912, 77, 209. 

® See Wunder, loc, at. 

* Unger, Dingl Polyt. Journ., 1874, 212, 232 ; do Forcrand and Ballin, Bull. 
Soc. chim.f 1878, [li], 30, 112; Chabri4 and Levallois, Compt. rend.^ 1906, 143, 
222 . 

® de Forcrand, Bull. Soc. chim., 1879, [ii], 31, 161 ; Wunder, Zeit. anorg. 
chem.t 1912, 77, 209. 

* de Forcrand, Compt. rend., 1879, 88, 30; ChabruS and Levallois, loc, cit. 
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remarkable coloured compound has not yet been solved. It 
has been suggested that the colouring matter of both 
natural and artificial ultramarine is a double compound of a 
sodium aluminium silicate and sodium sulphide, which has 
been variously formulated as 2Na2Al2Si208,Na2S2 (Heumann) 
and Na4(NaS3Al)Al4(Si04)3 (Brogger and Backstrom),^ the 
latter formula being closely analogous to that of haiiyne, 
Na2Ca(NaS04Al)Al2(Si04)3, a mineral which is also characterised 
by a blue colour. The existence of a definite compound of this 
or similar formula in ultramarine has, however, not been proved. 

Another view, which finds much favour at the present time, 
is that the basis of ultramarine is a colourless substance, which 
appears blue because it holds in solid solution or colloidal suspen- 
sion a small amount of some simple substance, probably elemen- 
tary sulphur.^ This view receives support from the fact that in 
various reactions in which traces of colloidal sulphur might be 
expected to be formed, a blue colour is developed, e.^., addition 
of alkali polysulphides to various boiling organic solvents, 
addition of traces of sulphur to molten sodium chloride, and 
heating potassium thiocyanate to 400.® 

Detection and Estimation of Aluminium. 

340 Aluminium compounds do not impart any colour to the 
non-luniinous gas-flame. The spark spectrum of aluminium has 
been mapped by Thalen, Kirchhoff, and Lecoq de Boisbaudran, 
and its spectrum in the electric arc by Liveing and Dewar 
and by Kayser and Bunge. The last-named investigators found 
that the visible portion of the spectrum did not contain a 
single line. The aluminium bands in the ultra-violet, however, 
are extremely characteristic. These are contained in the in- 
visible and highly refrangible portions of the spectrum which 
are only seen when the rays are allowed to fall on a fluorescent 
substance.^ Alumina also shows a characteristic spectrum 
in the arc. 

^ Zeit. Kry<it. Min,, 1891, 18 , 209. 

* Knapp, J. yr. Chein., 1888, [2], 38 , 48; Rohland, Zeit. angew. Chem„ 
1904, 17 , 609; Hoffmann, Chem. Zeit , 1910, 34 , 821 ; Zeit, Chem. Ind, Kolloide, 
1912, 10 , 276; Abegg, Handbuch der anorganischen Chemte (1906), Vol. Ill, 
pt. i, p. 126; Doelter, Handbuch der Mineralchemie (1911), Vol. II, pt. vii. 

® For further information on ultramarine, see Thorpe’s Dictionary of 
Applied Chemistry, Abegg, op. at., and Zerr and Rubencamp, Treatise on 
Colour Manufacture (trans. by Meyer, Griffin and Co. Ltd., 1909). 

^ Stokes, “ On the Long Spectrum of the Electric Are,** Phil. Trans., 1862, 
162 , 599. 

VOL II. (l.) 3 D 
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Aluminium occurs almost always combined with oxygen. 
Most of these compounds are insoluble in water ; many of them, 
however, are decomposed by hydrochloric acid, the alumina 
entering into solution. Those compounds which withstand the 
action of acids are decomposed by fusion with sodium carbonate 
and treatment of the fused mass with hydrochloric acid. 
Corundum, spinel, and some other minerals ’are not, however, 
decomposed in this way, but must be fused with hydrogen 
potassium sulphate. 

Aluminium can readily be separated from all the common 
metals. It is not precipitated from its acid solutions by sul- 
phuretted hydrogen, whereas it is completely thrown down as the 
hydroxide by ammonia and ammonium sulphide, and thus can 
be readily separated from the metals of the alkalis and alkaline 
earths. It is distinguished from most of the metals precipitable 
by ammonium sulphide, inasmuch as its hydroxide is soluble in 
caustic alkalis. This property it possesses in common with the 
hydroxides of zinc, chromium, and glucinum. The first of these 
metals is precipitated from the alkaline solution by sulphuretted 
hydrogen, and chromium hydroxide is only soluble in the cold, 
and is precipitated on boiling. If to the solution from which 
the zinc and chromium have thus been separated hydrochloric 
acid and then ammonia be added, the aluminium is precipitated. 
This precipitate may, however, still contain glucinum hydroxide, 
which must be dissolved by digesting it with ammonium car- 
bonate or sodium bicarbonate (p. 639). When the oxide is 
strongly heated with a salt of cobalt a bright blue, infusible 
mass is obtained. 

For quantitative estimation, aluminium is precipitated as 
hydroxide, and then converted into the oxide by strong ignition. 

The Atomic Weight of aluminium was first determined by 
Berzelius in 1812, who found that 100 parts of the anhydrous 
sulphate yielded 29-934 parts of pure alumina, according to 
which the atomic weight is 27-1.^ Tissier ^ found the number 27 
by the conversion of the metal into the nitrate and then into the 
oxide, and Dumas ® 27-3 by the analysis of the chloride. Mallet * 
employed three distinct methods : the ignition of ammonium 
alum, which gave the number 27-15; the analysis of the bromide, 
from which the atomic weight appeared to be 27-11; and finally 
the direct determination of the equivalent to hydrogen. This 

» Pogg. Ann., 1812, 8. 187. 2 Couit. rend,, 1858, 46 , 1105. 

Ann. Chim. Phys., ISSg, [3], 65 , 151. * Phil. Trans., 1880, 171 , 1003. 
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last set of experiments was carried out by dissolving pure 
aluminium in concentrated aqueous soda and collecting and 
measuring the dry hydrogen produced. He thus found that 
3-352 grm. of aluminium yielded 4161-6 c.c. at the normal 
temperature and pressure (in 45° north latitude). According 
to this, the atomic weight is 27-10. In a second series of less 
trustworthy experiments the hydrogen was burned and the water 
weighed. Thomsen ^ determined the ratios A1 : H and A1 : 0 
independeUtly by dissolving metallic aluminium in concentrated 
caustic potash solution and finding the weight of hydrogen 
evolved and the weight of oxygen required to burn the hydrogen. 
He used a somewhat impure aluminium and after allowing for 
the effect of the impurity, obtained from the two ratios 
somewhat lower numbers than Mallet, namely, 26-98 and 26-99 
respectively. 

A preliminary study by Richards and Krepelka^ of the 
purification and analysis of aluminium bromide points to the 
value 26-96 as being more nearly correct, and this value, 
rounded off to 27*0, is the one at present adopted. 


GALLIUM. Ga = 7o-i. At. No. 31. 

341 This metal, the eka-aluminium of Mendeleev (p. 70) was 
discovered in 1875 by Lecoq de Boisbaudran by means of 
spectrum analysis. He found the new element in the zinc blende 
of Pierrefitte in the Pyrenees and patriotically gave to it the 
name which it now bears. It is found also in the blende from 
other localities. Thus a yellow, transparent blende from the 
Asturias and a black blende from Bensberg contain it, and that 
from Bensberg, although the richest, contains only 16 mgrm. of 
gallium per kilo.; it occurs also in a grey zinc ore found at 
Pulwood, New South Wales.* It also occurs in American blendes, 
and from the continual redistillation of zinc prepared from these 
blendes final residues have been obtained comparatively rich 
in gallium, and serving as raw material for a number of recent 
researches on the chemistry of this element."^ 

An examination of the spectrum yielded by a large number 

1 Zeit, anorg. Chpin , 1896, 11, 14; 1897, 15, 447. 

* J. Amer. Chem. Soc., 1920, 42, 2221. 

* Kirkland, AtLstr, Assoc. Adv. Sci., 1893, 266. 

* W. F. Hillebrand and J. A. Scherrer, J. Ind. Eng. Chem., 1916, 8, 225; 
Browning and Uhler, Amer. J. Sci„ 1916, 41, 361. 
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of minerals in the oxy-hydrogen flame has revealed the fact that 
gallium, like lithium and rubidium, is very widely distributed 
in nature, although present only in very minute quantities. It 
occurs, for example, in a large number of iron ores, from wliich 
it passes into the iron prepared from them, so that Middles- 
brough cast iron contains as much as 1 part of gallium in 33,000 
parts and is the richest source of this element known.^ It also 
occurs constantly in bauxite and the aluminium salts prepared 
from it, as well as in kaolin, and in zinc blende, and is occasionally 
found in pyrites and manganese ores. It is present also in all 
meteoric irons, but not in all meteorites.^ 

In order to prepare gallium, the ore, according to its physical 
character, is dissolved either in aqua regia, hydrochloric acid, 
or sulphuric acid. From the chloride solution germanium, if 
present, may be separated by distilling the liquid until the 
boiling point reaches 135 — 140°.® The solution is then decom- 
posed by means of metallic zinc. The precipitate thus thrown 
down, which contains most of the foreign metals present in the 
blende, is then treated with hydrochloric acid, and the liquid 
again precipitated with zinc in the cold. As soon as the evolution 
of hydrogen becomes feeble the solution is poured off from the 
precipitate and saturated with sulphuretted hydrogen, the precipi- 
tate filtered off, the excess of sulphuretted hydrogen expelled, 
and the liquid fractionally precipitated with sodium carbonate 
in the cold until the precipitate thrown down no longer exhibits 
the gallium line when examined with the spectroscope. It is 
then dissolved in sulphuric acid, gently heated until the excess 
of sulphuric acid is almost completely removed, the residue 
treated for some time with cold water, the solution diluted 
with water, and then heated to boiling, when basic gallium 
sulphate separates out, which must be filtered off whilst hot. 
This precipitate is dissolved in a small quantity of sulphuric 
acid ; to this liquid a slightly acid solution of ammonium acetate 
is added, sulphuretted hydrogen passed through to saturation, 
the solution filtered, and the filtrate, diluted with water, heated 
to boiling, the precipitate which forms being washed with boiling 
water. This is then dissolved in a small quantity of sulphuric 
acid, a slight excess of alkali added, and the alkaline solution 

^ Hartley and Ramage, Proc, Roy, Soc,, 1897, 60, 35, 393; Journ. Chon. 
Sfjc., 1897, 71, 533, 547. 

* Sci. Proc. Roy. Dublin Soc., 1898, N.S., 8, 703. 

® H. C. Fogg and C. James, J. Amer. Chem. 8oc., 1919, 41, 947. 
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submitted to electrolysis. Metallic gallium is thus deposited at 
the negative pole.^ 

The last traces of zinc and indium are difficult to remove from 
gallium, but both may be practically eliminated by fractional 
electrolysis of a slightly acid solution of the sulphates. ^ Last 
traces of zinc may also be removed from metallic gallium by 
heating it in vacuo at 800°, or by fractional crystallisation of 
the metal with centrifugal drainage of the crystals. Sixty-two 
grams of gallium were exhibited in the Paris Exhibition of 1878, 
having been prepared from 2,400 kilos, of blende by Lecoq de 
Boisbaudran and Jungfleisch.^ 

Gallium is a hard, brittle metal of bluish- white colour, melting 
at 29-75°. The molten metal possesses the colour of silver and 
remains liquid for many weeks, even when exposed to 0°, until 
touched with a small fragment of solid gallium. At a red heat 
the metal is slightly volatile. The density of solid gallium at its 
melting point is 5-904, that of the liquid being 6-095. Thus 
gallium, like water, expands upon solidifying. The coefficient of 
cubical expansion is 5*5 x 10~‘, the compressibility is 2-0 X 10“* 
for the solid and approximately twice as great for the liquid metal 
and the latent heat of fusion is 19-04 calories per gram. The 
atomic volume at 20° is 11-85, and the specific and atomic heats 
are 0-080 and 5-6 respectively. The metal is diamagnetic. 
Gallium only superficially oxidises when heated to redness in 
air or oxygen. It is easily soluble in dilute hydrochloric acid 
and caustic potash with evolution of hydrogen. It is scarcely 
attacked by dilute nitric acid in the cold, but on heating it slowly 
dissolves with evolution of red vapours. The best acid solvent 
is aqua regia. If a neutral solution of gallium chloride is warmed 
with zinc, gallium hydroxide or a basic salt separates out, but not 
the metal. In the electrochemical series gallium appears to come 
between indiilm and zinc. Like aluminium, it possesses some 
degree of passivity in the metallic state. 

GALLIUM COMPOUNDS. 

342 Gallium Oxide^ GagOs, is a white mass, which is reduced 
to the metal by hydrogen at a bright red heat. The hydroxide 

1 Lecoq de Boisbaudran, Ann, Ghim, Phys., 1877, [6], 10 , 129; CompL 
9 end., 1876, 82 , 1098; 1876, 83 , 636; 1881, 93 , 816. 

* Dennis and Bridgman, J, Amer. Ghent. Soc., 1918, 40 , 1531; Richards 
and Boyer, ibtd., 1919, 41 , 133; 1921, 43 , 274; of. Uhler and Browning, Amcr. 
J. Set., 1916, 42 , 389; Lihler, ihid., 1917, 43 , 81. 

* Gompt. rend., 1878, 86, 475. 
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is a white precipitate insoluble in water, but readily soluble in 
potash, and somewhat less so in ammonia. 

Gallium Trichloride, GaClg. — ^Like aluminium, but unlike 
indium, gallium yields the trichloride when heated in hydrogen 
chloride as well as in chlorine, long, needle-shaped crystals being 
deposited in the tube close to the flame. It melts at 75-5°, and 
boils at 215 — 220°. Owing to its low boiling point, distillation 
of this compound in a dry and inert atmosphere affords an 
excellent method for eliminating zinc and indium from gallium.^ 
The vapour density of gallium chloride as determined by the 
air-displacement method is 6-1 between 440° and 606°, and corre- 
sponds to the formula GaClg. Like aluminium chloride, its 
density near the boiling point is somewhat higher than this, 
being 8-8 at 350°.^ It is a very deliquescent substance and dis- 
solves in a small quantity of water to form a clear liquid, which 
on the further addition of water becomes turbid from deposition 
of a basic salt. 

Gallium Dichloride, GaClg, is obtained by the action of the 
metal on the trichloride and melts at 164°, forming a limpid, re- 
fractive liquid which boils at 535°. The specific gravity of its 
vapour is 4-8 at 1,000°, corresponding to the formula GaClg. 

Gallium Sulphate is also very soluble but non-deliquescent. 
It combines with ammonium sulphate to form an alum, 
Ga2(S04)3,(Nn4)2S04,24H20, which crystallises in combinations 
of the cube and octahedron. If its solution is boiled a precipitate 
is produced consisting probably of basic sulphate. The corre- 
sponding potassium, rubidium, caesium and thallous-gallium 
alums have been described by Soret.® 

Gallium Selenate, Ga 2 (Se 04 ) 3 , 22 Il 20 , may be obtained by 
treating the hydroxide with a slight deficit of aqueous selenic 
acid, filtering, and allowing the solution to evaporate at 
the ordinary temperature. The salt contains * IfiHgO when 
dried to constant weight in air, and resembles the sulphate in pro- 
perties. The corresponding caesium gallium selenium alum, 
Cs2Se04,Ga2(Se04)3,24H20, has also been prepared.* 

Gallium Nitrate is also a soluble, well-crystallised salt. 

The best means of detecting gallium is the spark spectrum 

^ Richards, Craig and Sameshima, J, Amer, Chem. 8oc,, 1919, 41» 131. 

* Nilson and Pettersson, Journ. Chem, Soc., 1888, 53, 824. 

® Soret, Arch, Sci, phys, nat, 1885, [3], 14, 96; 1888, [3], 30, 520. See 
also Browning and Uhler, Amer, J, 8ci,, 1916, [4], 42, 389. 

* Dennis and Bridgman, J. Amer, Chem. 8oc,, 1918, 40, 1531. 
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of the chloride or other salt.^ This consists of two violet lines 
(4172, 4033), of which the brightest, Gaa, lies a little more to- 
wards the blue than the line In^S, and the second GayS rather 
more towards the violet than K0. In the non-luminous gas-flame 
the chloride gives only a very slight indication of the line Gaa. 
Gallium is precipitated as the hydroxide by ammonium hydroxide 
or carbonate and the carbonates of the alkali and alkaline-earth 
metals, the precipitate being distinctly soluble in excess of 
precipitant. Precipitation by ammonia is complete if excess of 
ammonia is removed by boiling. A better precipitant is sodium 
or ammonium hydrogen sulphite.^ In acetic acid or ammoniacal 
solution gallium can be precipitated as the sulphide, but only 
in the presence of excess of another element forming an insoluble 
sulphide, e.^r., silver, zinc, or manganese. The sulphide is soluble 
in dilute mineral acids. Gallium may be separated from many 
metals by precipitation as fcrrocyanide in a solution containing 
as much as one-third its volume of concentrated hydrochloric 
acid.^ 

The Atomic Weight of gallium was determined by Lecoq de 
Boisbaudran^ by igniting the ammonium alum, and also by 
dissolving the metal in nitric acid and igniting the residue, the 
oxide obtained in both cases being weighed. The first deter- 
mination gave the atomic weight 69*6, and the second 69*2. 
More recently, some preliminary analyses of gallium trichloride 
by Richards, Craig, and Sameshima^ have indicated the value 
70*1, which is the number at present (1922) adopted. 


INDIUM. In =114*8. At. No. 49. 

343 This metal was discovered in Freiberg zinc blende in the 
summer of the year 1863 by Reich and Richter by means of 
spectrum analysis.® Indium also occurs as sulphide in other 
zinc blendes, although present only in very small quantity. It 
has also been detected spectroscopically in a manganese ore of 
Spanish origin and in a number of samples of siderite, which 

^ Dennis and Bridgman, toe. c\t 

2 Porter and Browning, J. Amer, Chem. Soc., 1919, 41, 1491. 

s Lccoq de Boisbaudran, Ann, Cktm, Phys,, 1884, [6], 2, 176, 429; Dennis 
and Bridgman, loc. ciU, Browning and Uhlor, toe. cit , ; Porter and Browning, 
J, Amer, Chem, Soc,, 1921, 43, 111. 

* Bim. Soc, rhim., 1878, 29, 9. 

^ Richards, Craig anc^ Sameshima, toe. cit. 

* J. pr. Chem., 1863, 89. 444; 90, 172; 1864, 92, 480. 
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were obtained from various localities and all contained man- 
ganese.^ In order to prepare indium it is best to employ metallic 
zinc, such as that from Freiberg, which, however, does not contain 
more than 0-1 per cent. The metal is treated with such a 
quantity of hydrochloric acid that a small portion remains 
undissolved, and when the solution is allowed to stand for two 
or three days the whole of the indium is found to be precipitated 
on the residual zinc. The metallic powder is then washed off 
from the zinc, and a few drops of dilute sulphuric acid are added 
to dissolve any basic zinc chloride which may be formed; the 
spongy metal is well washed with hot water, treated with nitric 
acid, and the acid solution, without filtration, boiled down with 
an excess of sulphuric acid until all the nitric acid is driven off. 
The solution is then filtered, the residue well washed, and a large 
excess of ammonia added to the filtrate. The zinc, cadmium, 
and copper remain in solution whilst the whole of the indium, 
together with iron, lead, and a small quantity of zinc, cadmium, 
and copper, remains behind. After being well washed, the 
residue is dissolved in a small quantity of hydrochloric acid, an 
excess of hydrogen sodium sulphite added, and the solution 
boiled until it lio longer smells of sulphur dioxide. A precipitate 
is thus obtained of basic indium sulphite, which for further puri- 
fication may be dissolved in sulphurous acid; on boiling this 
solution the pure salt separates out,^ and this when strongly 
heated decomposes, leaving a residue of indium trioxide. The 
oxide can then be reduced to metal by ignition in a current of 
hydrogen or by fusion with sodium. The latter method appears 
to be the best suited for the preparation of large quantities. 
For this purpose the finely-divided oxide is placed in layers in a 
crucible with thin slices of sodium, the mixture pressed down and 
then covered with a thick layer of anhydrous sodium chloride. 
The porcelain crucible is next placed in a Hessian crucible provided 
with a cover, and heated first gently and, as soon as the . eaction 
is over, to a moderate red heat. The brittle alloy thus obtained 
is boiled several times with water, washed with alcohol and ether, 
and again fused under a layer of potassium cyanide. The regulus 
is still not quite free from sodium, and to remove these traces it 
is thrown, in small pieces, into fused sodium carbonate, and the 
metal thus obtained in the pure state.® 

1 Hartley and Ramage, Journ, Chem. Soc , 1897, 71, 533. 

2 Bayer, Annalen, 1871, 158, 372. 

8 Winkler, J. Chem,, 1867, 102, 273. 
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The pure metal may also be separated electrolytically from 
solutions of the chloride or nitrate containing pyridine, hydr- 
oxylamine, or formic acid,^ or from a solution of the sulphate.^ 

Indium is a white metal, easily malleable and softer than 
lead. It is obtained crystallised in regular octahedra ® by the 
electrolysis of the sulphate, a branched metallic ‘‘ tree ” being 
formed. Its density at 20° is 7*277,^ and its melting point 
155° (Thiel) ; its specific and atomic heats (0° to 100°) are 0*057 
and 6*54 respectively.® It retains its metallic lustre in the air 
and even in boiling water. Heated on charcoal before the blow- 
pipe, it colours the flame blue and gives an incrustation of the 
oxide. It dissolves slowly in hydrochloric and dilute sulphuric 
acids, but readily in nitric acid. 

INDIUM COMPOUNDS. 

344 Indium Sesquioxide, lUgOg, obtained by burning the metal 
in air or oxygen, or by igniting the hydroxide, carbonate, nitrate, 
or sulphate, is a pale yellow powder, which on heating becomes 
brown, but regains its original colour on cooling. After ignition 
it dissolves only slowly in mineral acids. The oxide is readily 
reduced to the metal by heating in hydrogen or ammonia, or by 
heating with sodium, magnesium, or carbon. At temperatures 
above 850°, the oxide loses oxygen and becomes converted into 
the oxide, 10364, which is isomorphous with the corresponding 
oxide of iron.® The loss of weight associated with this change 
was at one time erroneously attributed to the volatility of the 
sesquioxide. Tri-indium tetroxide does not fuse even at the 
temperature of the oxy-hydrogen flame. 

Indium Hydroxide, In(OH)3, is formed when ammonia or 
dimethylamine is added to a soluble indium salt. The hydroxide 
is thrown down as a gelatinous precipitate, which on boiling 
becomes heavy and dense, and when heated is easily converted 
into the oxide. It dissolves in caustic potash,’ from which 
solution it is precipitated on boiling or standing, but is not 

1 Dennis and Geer, J. Amer. Chem, Soc., 1904, 26, 437; Ber., 1904, 37 , 961. 

- Thiel, Zeit. anorg. Chem., 1904, 40 , 280. 

® Sachs, Zeit. Krybt. Mtn., 1903, 38 , 495. 

^ Richards and Wilson, Zeit. phijsikal. Chem , 1910, 72, 129. 

® Bunsen, Phil. Mag., 1871, [4], 41 , 161. 

® Thiel and Koelsch, Zeit. anorg. Chem., 1910, 66, 288; cf. Renz, Ber., 
1903, 36 . 1847; 1904, 37 , 2110; Meyer, Zeit. anorg. Chem., 1906, 47 , 281; 
Thiel, ihid., 1906, 48 , 201. 

" See Renz, Ber, 1901, 34 , 2763; 1903, 36 , 2761; 1904, 37 , 2110. 
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soluble in ammonia, and readily forms colloidal solutions in the 
absence of electrolytes. 

Indium Trichloride, InClg. — The metal burns at a dull red 
heat in a current of chlorine, evolving a greenish-yellow light 
with formation of the chloride. The same compound is easily 
formed by heating the oxide, mixed with charcoal, in chlorine. 
It sublimes at about 600° in the form of soft colourless plates, is 
extremely deliquescent, and dissolves in water with a hissing 
noise and evolution of heat. On evaporating the solution, an 
insoluble basic salt is obtained. The vapour density of indium 
trichloride was found by V. and C. Meyer ^ at a bright red heat 
to be 7’87, corresponding to the formula InClg. An oxychloride, 
InOCl, is formed as a white powder by the action of chlorine 
and oxygen on the dichloride (Thiel). 

Indium Bichloride, InClg, is obtained as a white, radiating, 
crystalline mass by heating the metal in a current of hydrogen 
chloride. The vapour density of the dichloride has been shown by 
Nilson and Pettersson ^ to be 6*43 at 1300°, corresponding to the 
above formula. This compound is decomposed by water with 
formation of the trichloride and separation of metallic indium : 

3InCl2 - 2InCl3 + In. 

Indium Monochloride, InCl, was prepared by the above-named 
chemists by distilling the vapour of the dichloride over the 
requisite amount of metallic indium; combination takes place, 
and the monochloride is obtained in the form of a mass resembling 
haematite, which melts to form a blood-red liquid and can readily 
be vaporised. Its vapour density was found to be 5*5 — 5*3 at 
1100 — 1400°, corresponding to the simple formula. The mono- 
chloride undergoes a similar decomposition to the dichloride when 
brought into contact with water, 

3InCl = InCla -f 2In. 

Indium combines directly with bromine and iodine. The 
three bromides closely resemble the chlorides. Three iodides 
are also known (Thiel and Koelsch) ; the tri-iodide is a yellow, 
crystalline mass, which on heating melts to form a reddish-brown 
liquid. A sparingly soluble fluoride, InFa, crystallising with 
OHgO or SHgO, is formed when the oxide is dissolved in hydro- 
fluoric acid.® 

^ Bcf., 1879, 12, 611, ® Journ, Chetn, Soc., 1888, 53, 814. 

3 Thiel, Zeit. anorg. Cham., 1904, 40, 331 ; Chabrio anu Bouchonnct, Compt, 
rend., 1905, 140, 90. i 
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Indium i^i^m^c,*2In(N03)3,9H20, forms deliquescent needles 
soluble in both water and absolute alcohol. These on heating 
are easily converted into a basic salt (Winkler). 

Indium Sulphide, IngSg. — Pure indium and sulphur combine 
together at a temperature near redness, with evolution of heat, 
to form a bright-red, infusible mass, which is also produced 
when the oxide is heated in a current of sulphuretted hydrogen. 
This gas, passed into a solution of an indium salt which is not 
too acid or too concentrated, precipitates yellow indium sulphide, 
which on heating with ammonium sulphide is converted into 
the white hydrosulphide and is soluble in concentrated acids. 
A lower sulphide, lugS, has been obtained mixed with a little 
of the normal sulphide, by heating the latter in hydrogen, and 
is a yellowish-brown, fusible mass, readily soluble in warm dilute 
acids ; the reddish-brown disulphide, InS, is obtained by heating 
the metal in a stream of hydrogen sulphide (Thiel and Koelsch). 

Basic Indium Sulphite, In2(S03)3,In203,8H20, is a crystalline 
powder, the preparation of which has been already described. 

Indium Sulphate, 102(804)3, is obtained by the careful evapora- 
tion of a solution of the trioxide in an excess of sulphuric acid, 
in the form of a white powder very soluble in water. On strongly 
heating it is converted into an insoluble basic salt. On evapora- 
ting the acid solution over sulphuric acid, deliquescent crystals 
of the acid salt, 112102(804)4, SHgO, are deposited. 

Indium Ammonium Alum, 103(804)3, (NH4)28 04,24H20, is 
deposited in well-defined, regular octahedra, which dissolve 
at 16 ° in half their weight, and at 30 ° in about a quarter of their 
weight of water, and melt at 36 °.^ If a solution is allowed 
to crystallise at or above this temperature crystals of the 
hydrate, 103(804)3, (NH4)2804,8H20, separate out. 

The sulphates of potassium and sodium form analogous salts 
containing 8 molecules of water, but do not yield true alums, 
whilst C8Bsium and rubidium yield alums of the normal com- 
position.2 

Indium Selenate, 103(8004)3, lOHgO, is a white, deliquescent 
salt resembling the sulphate. Ccesium indium selenate, 
102(8004)3, 0838604, 24H2O, has also been prepared. ® 

^ Rossler, J, pr. Cham,, 1873, [2], 7 , 14. 

2 Soret, Arch, Sci, phys, nat„ 1885, [3], 13 , 5; 1888, [3], 20 , 520; Chabri6 
and Rengcode, Compt, rend,, 1900, 131 , 1300; 1901, 132 > 472, 

* Mathers and Schlucderberg, J, Amer, Chem, 80 c,, 1908, 30 , 211. 
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Detection and Estimation of Indium. 

345 Indium compounds when moistened with hydrochloric 
acid tinge the non-luminous gas-flame a dark blue colour. The 
spectrum consists of an intense indigo-blue line, Ina 4511, and a 
less intense violet line, In;9 4102. It is from this property that 
the metal derives its name. 

When heated on charcoal with sodium carbonate indium com- 
pounds yield white beads of the metal and a yellow incrustation of 
oxide. Traces of indium can be detected by the spark spectrum ^ 
and microchcmically by the formation of a double chloride of 
indium and rubidium which crystallises in colourless rhombic 
octahedra.2 Caustic soda and potash precipitate the hydroxide, 
which partly dissolves in an excess, but is completely deposited 
again on boiling; it is insoluble in ammonia. This reaction is 
employed for the separation of indium from the other metals, 
as are also the formation of the insoluble basic sulphite (p. 779), 
the precipitation of a sulphide of indium which is insoluble in 
dilute acids, and the production of a precipitate with pyridine.^ 

The Atomic Weight of indium was determined by Reich and 
Richter, as well as by Winkler^ and Bunsen,® by converting 
the metal into the oxide. The subsequent experiments of Thiel,® 
who used comparatively large amounts of carefully purified 
material, have shown that the early results were considerably 
too low, and that conversion of the metal into oxide is attended 
by considerable difficulties. The analysis of the chloride gave 
Thiel the number 114-97, whilst that of the bromide gave 1 14-75. 
The analyses by Mathers ^ of these same salts prepared from 
indium purified by fractional electrolysis, gave the numbers 
114-83 and 114-80, whilst lower and less reliable numbers were 
obtained by the conversion of the metal into the sulpha e, and 
the analysis of the dichloride. At present (1922) the adopted 
number is 114-8. 

^ Dennis and Bridgman, J. Amer, Chem. Soc., 1918, 40, 1631. 

2 KIcy, Chem, Zeit., 1901, 25, 663; see also Huysse, ZetL anal, Chem , 1900, 
39, 9. 

^ Dennis and Geer, Ber., 1904, 37, 961. 

« Jahrenh., 1867, 260. 

® Pogg, Ann., 1870, 141, 1. 

• ZeH. anorg, Chem , 1904, 40, 280. 

’ J. Amer. Chem. Soc., 1907, 29, 486; Ber., 1907, 40, 1220. 
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THALLIUM. Tl = 204*0. At. No. 8i. 

346 Thallium was discovered in the year 1861 by Crookes ^ in 
a seleniferous deposit obtained from a sulphuric acid manufactory 
at Tilkerode in the Harz. Selenium was being prepared from 
this deposit, and a considerable residue was left when the material 
was distilled. This was supposed at first to contain tellurium, 
but examination with the spectrosope showed that a new element 
was present whose spectrum consisted of one bright green line, 
whence the name of the element, from ^aXXo?, a green twig. 
In 1862 Lamy,2 who discovered the element independently of 
Crookes, published the results of his investigations. It was first 
believed that this element was a non-metal belonging to the 
sulphur group, but it was afterwards found to be a metal and was 
obtained in the metallic condition. 

Thallium occurs in small quantities in many varieties of iron 
and copper pyrites, and in a few micas containing lithium. The 
mineral crookesite, discovered by Nordenskjold ® in a copper 
mine at Skrikerum, in Sweden, contains : 

T1 Se Cu Ag 
17*25 33*28 45*76 .3*71 = 10000. 

Thallium is also found in the minerals lorandite, TlAsSg and 
vrbaite, TlAsgSbS^, which accompany realgar in Macedonia,^ 
and occurs in traces in some iron ores, manganese ores, and zinc 
blendes.^ 

The mineral water of Nauheim, near Frankfort, and that of 
many other mineral springs, contains traces of thallium. 

For the purpose of preparing thallium it is best to employ the 
flue dust from sulphuric acid works, in which pyrites containing 
thallium is burnt. The dust, which contains selenium, arsenious 
oxide, and small quantities of many other metals in the form 
of oxides or sulphates, is repeatedly boiled with very dilute 
sulphuric acid, the solution concentrated, and the thallium preci- 
pitated, in the form of needles or glittering plates, by adding 

^ “ On the Existence of a new Element, probably of the Sulphur Grouj>,” 
Chem. Newsj 1861, 3, 193, 303. 

* Sociiti Impiriah des Sciences de Ldh, May 2 and 16, 1862; Compf. rend , 
1862, 54 , 1255; 55 , 836. 

® Annalen, 1868, 145 , 127. 

* Krenner, ZeiL Kvjst, Mm., 1897, 27, 98; Goldschmidt, thd. 1898, 30, 
272; Jezek, thul, 19^2 51 , 364; Kr§hUk, tbid., 1912, 51 , 379. 

^ Hartley and Ramage, Joum. Ckem. 80 c., 1897, 71 , 533. 
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metallic zinc. Thallium may be obtained in a purer condition 
by boiling up the flue dust with water, and adding hydrochloric 
acid or common salt to the concentrated clear solution. The 
precipitate is washed and gradually dissolved in half its weight 
of hot sulphuric acid, and then heated until all the hydrochloric 
acid and the greater part of the free sulphuric acid has been 
driven off. The residue is next dissolved in water, the solution 
treated with sulphuretted hydrogen for the purpose of precipita- 
ting mercury, silver, arsenic, antimony, and bismuth, and 
ammonia then added to the filtrate to throw down any iron or 
alumina which may still be present. The filtrate, when con- 
centrated, yields crystals of pure thallium sulphate, from which 
the metal may be obtained by deposition on zinc or by electrolysis.^ 
According to Bunsen,^ the solution of zinc sulphate obtained at 
the Juliushiitte, at Goslar, contains 0*06 per cent, of thallium 
chloride, and if metallic zinc is allowed to remain in contact 
with the solution, copper, thallium, and cadmium are thrown 
down in the metallic state. The precipitated metals are then 
carefully washed with water and digested with dilute sulphuric 
acid to dissolve the last two meals. If potassium iodide is then 
added to this solution, thallium iodide separates out, and this 
on treatment with potassium cyanide yields pure metallic 
thallium. 

Pure thallium has a bluish- white tint and a lead-like, metallic 
lustre. It has the sp. gr. 11-85, and is crystalline, and so soft 
that it may be marked with the nail and leaves a streak on 
paper. It is malleable, but possesses little tenacity, and can 
only with difficulty be filed or sawn, as the articles stop up the 
interstices of the tool. It exists in two modifications, the 
transition temperature being 226°,* it melts at 303°,^ volatilises 
at a very high temperature, and may be distilled in a current of 
hydrogen. Its specific and atomic heats (20° to 10 )°) are 
0*0326 and 6-65.® Its vapour density ® at very high tempera- 
tures corresponds with the simple molecular formula Tl. When 
heated before the blowpipe it oxidises, a pale reddish vapour 

^ Crookes, Phil Trans., 1873, 163, 277; Chem. News, 1874, 29, 14. See 
also Forster, Zeit. anorg. Chem., 1897, 15, 71. 

* Phil Mag., 1866, [4], 29, 168. 

® M. Werner, Zeil anorg. Chem., 1913, 83, 276. 

* Petrenko, Zeit. anorg Chem., 1900, 50, 133. 

* Schmitz, Proc. Roy. Soc., 1903, 72, 177. 

* von Wartenberg, Zeit. anorg. Chem., 1907, 56, 320; cf. Meyer and Biltz, 
Ber., 1889, 22, 726; Biltz, Math. natw. Mitt. Berlin, 1896, 37. 
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being evolved which possesses a peculiar smell. It decomposes 
water at a red heat and dissolves readily in nitric and sulphuric 
acids, both dilute and concentrated, whilst it is less readily 
soluble in hydrochloric acid. It is slowly acted upon by alcohol in 
presence of air^ forming an alcoholate, which is liquid at ordinary 
temperatures. Thallium readily forms alloys with other metals, 
and amalgamates with mercury. The metal is usually kept 
under glycerine or petroleum oil, owing to its oxidisability. 

THALLIUM COMPOUNDS. 

347 Thallium forms two distinct series of compounds, one of 
the type RXg, corresponding with the position of the metal as a 
member of the aluminium group, the other of the type EX, 
closely analogous in many respects to the corresponding com- 
pounds of the alkali metals, but frequently bearing a strong 
physical resemblance to the corresponding compounds of lead. 

Thallous Compounds. 

348 Many of these compounds resemble the compounds of lead 
in their physical properties. Thus the halogen compounds (with 
the exception of the fluoride) are very sparingly soluble in water, 
and the sulphide is an insoluble black powder. On the other 
hand, the hydroxide, the sulphate, and the carbonate are all 
soluble in water, and closely resemble the corresponding potassium 
salts; the sulphate, perchlorate, and phosphate are, moreover, 
isomorphous with the corresponding salts of that metal. 

Thallium Monoxide, TlgO. — ^When the metal is exposed to 
the air its surface assumes a dull grey colour, due to the formation 
of this compound. It may be obtained in the pure state by 
heating the hydroxide in absence of air to a temperature of 100°. 
It is a black powder melting at about 300°, and dissolves readily 
in water with the formation of the hydroxide. 

Thallous Hydroxide, TlOH, is formed by the action of water 
upon the metal in presence of air. In order to prepare it in 
larger quantity a solution of the sulphate is precipitated with 
the necessary quantity of baryta water. It crystallises in long 
yellow needles having the formula T10H,H20. It is readily 
soluble in water, and the solution is colourless, possesses a strong 
alkaline reaction, and readily absorbs carbon dioxide.^ The 
brown colour it gives with turmeric disappears after some time 
^ Seo Bnhr, ZeiU anorg. Chem., 1911, 71, 79. 
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as the hydroxide destroys the colouring matter. Hence if 
turmeric paper is written upon with metallic thallium the writing 
at first appears brown but gradually disappears.^ 

Eabe^ has prepared an oxide having the formula TIO, by 
acting on a solution of thallous sulphate with HgOg and potassium 
hydroxide. It has a bluish-black colour. 

Thallous Fluoride, TIF, is formed by dissolving the carbonate 
in hydrofluoric acid. It crystallises in glittering octahedra 
and cube-octahedra. It dissolves in 1-25 parts of water at 15°, 
and less readily in boiling water. It melts on heating, and may 
readily be sublimed in a current of hydrogen fluoride. 

Thallium Hydrogen Fluoride, TlHFg, formed by allowing a 
solution of the fluoride in hydrofluoric acid to evaporate in a 
vacuum over sulphuric acid, crystallises in similar forms to 
thallous fluoride, and dissolves in its own weight of water. 

Thallium Monochloride or Thallous Chloride, TlCl, is formed 
when the metal burns in chlorine, and separates out when 
hydrochloric acid is added to a tolerably concentrated solution 
of a soluble thallium salt, forming a white, curdy precipitate 
which assumes a violet tint on exposure to light (Hebberling). 
It crystallises from hot saturated solutions in the form of cubes, 
and melts at 426° to a yellowish Uquid which on cooling solidifies 
to a white, shining, crystalline, somewhat flexible mass, having 
a specific gravity of 7*02 (Lamy) and boiling at 719 — 731°. 
Its vapour density has been found to be 8-6,^ corresponding to 
the simple molecular formula. The solubility in water, in grams 
per litre of solution, is as follows : ^ 

At 0^ 20^ 40® 60® 80® 100® 

TICl 1-7 3-4 6-0 10*2 16-0 24-1 

It is less soluble in dilute hydrochloric acid, and hence the salt 
is precipitated from aqueous solution on addition of this acid.^ 
It is scarcely soluble in ammonia, and is insoluble in alcohol. 

Thallous Bromide, TlBr, is a very pale yellow precipitate 
less soluble than the chloride, to which it possesses strong 
analogies. Dry bromine does not react with the metal so readily 
as chlorine, but in presence of water the metal is readily attacked. 
It melts at 450° and boils at 800 — 814°. 

1 Erdmann, J. pr. 1863, 89, 381. 

2 Zeit anorg, Chem., 1908, 68, 23. ® Ro«icoo, Proc Roy. Soc., 1878, 27, 426. 

* Earl of Berkeley, Phtl. Trans., 1904, [A], 203, 208; Hill and Simmons, 
J Amer. Chem. Soc., 1909, 31, 821. 

* See Bray and Wmninghoff, J. Amer, Chem. Soc., 1911, 33, 1663. 
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Thallous Iodide, Til, is formed when thallium and iodine are 
heated together. It may also be obtained by precipitating a 
solution of a thallium salt with potassium iodide, when it is 
thrown down as a beautiful yellow, crystalline powder, which 
passes at 168° into a red modification, the reverse change occur- 
ring on cooling. Both forms can exist in the metastable condition 
through a large range of temperature.^ The red form melts 
at 431°. When precipitated from a hot solution containing 
potassium acetate, it is deposited in the form of microscopic 
orange-yellow cubes or cubo-octahedra (Werther). It is sparingly 
soluble in cold water, 1 part requiring 16,000 parts for its solution 
at 20°, whereas it dissolves in 830 parts of boiling water.^ It 
separates from a filtered hot solution in water and from saline 
solutions in the red form, which then passes very slowly into the 
stable yellow modification. It is less soluble in a solution of 
potassium iodide, in alcohol, and in dilute acetic acid than in 
water itself. It is not decomposed by dilute sulphuric acid, 
hydrochloric acid, or caustic potash. Nitric acid, however, 
decomposes it with evolution of iodine. 

Thallous Chlorate, TICIO3. — This salt is formed by mixing 
equivalent quantities of thallium sulphate and barium chlorate, 
filtering, and concentrating the solution ; the salt then separates 
out in microscopic prisms sparingly soluble in cold water. 

Thallous Perchlorate, TICIO4, is formed by dissolving thallium 
in aqueous perchloric acid, or by precipitating barium perchlorate 
with thallous sulphate. It crystallises in transparent, rhombic 
tablets, isomorphous with potassium perchlorate, and having a 
specific gravity of 4*844 at 15*5°. One part of this salt dissolves 
at 15° in 10 parts, and at 100° in 0*06 part of water; it is only 
slightly soluble in alcohol (Roscoe). 

Thallium Monosulphide or Thallous Sulphide, Tl^S, is a black 
precipitated formed when sulphuretted hydrogen is passed into 
an alkaline or acetic acid solution of a thallous salt. If the 
solution contains a trace of free sulphuric acid the sulphide 
separates out in the cold in microscopic tetrahedra (Hebberling). 
If the sulphide or a mixture of the metal with sulphur is melted 
in absence of air, a black, glittering mass is obtained on cooling, 
having a specific gravity of about 8 and melting at 448°.® It is 
insoluble in water, alkalis, ammonium sulphide, and potassium 

1 Gernez, Cornpt rend,, 1904, 138 , 1695; 1904, 139 , 278; 1909, 148 , 1015. 

* Bottger, Zed, phye'kal Chem., 1903, 46 , 602. 

* P61abon, Ann, Chxm. Phya,, 1907, [8], 17 , 626. 

VOL. II. (l.) 3 B 



786 


THE ALUMINIUM GROUP 


cyanide. When the sulphide is heated to 150 — 200° with colour- 
less ammonium sulphide it crystallises in long needles of metallic 
appearance, or in thin, six-sided plates.^ It dissolves with diffi- 
culty in acetic acid, but readily in mineral acids. The precipi- 
tated sulphide oxidises on exposure with formation of sulphate, 
and when heated in a current of hydrogen is reduced to thallium. 
Black, lustrous prisms of a compound, TlgSg, which is probably 
thallovs pentasulphidcy are obtained by the action of a solution of 
ammonium polysulphide on thallous chloride.^ 

Normal Thallous Sulphate. Ti 2 S 04 . — This salt crystallises in 
rhombic prisms isomorphous with potassium sulphate and has 
a specific gravity of 6*765. It melts at 632°. One hundred 
parts of water dissolve as follows : ® 

At 0° 20^" 40° 60° 80° 99 7° 

TI 2 SO 4 2*7 4*9 7*6 10*9 14*6 18*5 

It is much more soluble in dilute sulphuric acid than in water.^ 

Thallous sulphate readily combines with other sulphates to 
form double salts such as Tl 2 S 04 ,MgS 04 , 6 n 20 , isomorphous 
with the analogous potassium compounds.^ It can also replace 
the alkali sulphates in the alums. Thus e.g., thallium alum, 
Tl 2 S 04 ,Al 2 (S 04 ) 3 , 24 H 20 , crystallises in bright octahedra. Thal- 
lium iron alum and thallium chromium alum have also been 
prepared. 

Hydrogen Thallous Sulphate, HT 1 S 04 , 3 H 20 , crystallises in 
short, thick prisms, which melt on heating, and then suddenly 
decompose into the normal sulphate with evolution of vapours of 
sulphuric acid. The anhydrous compound melts at 115 — 120°. 
A compound of the formula Tl 2 S 04 ,TlHS 02 has also been described 
(Stortenbeker). 

Thallous Nitrate, TINO3. — Nitric acid attacks thallium more 
easily than any other acid. Thallium nitrate crystallises in 
opaque, white rhombic prisms, having a specific gravity of 5*55 ; 
these pass at 72*8° into a rhombohedral form and at 142*5° 
into a regular modification.® The crystals melt at 206*1°, and 
the fused mass solidifies on cooling to a glass-like solid. It de- 

^ Stan6k, Zeit, anorg. Chem , 1898, 17, 117. 

2 Hofmann and Hochtlen, Ber., 1903, 30, 3090. 

® Earl of Berkeley, Phi. Tram., 1904, [Al, 203, 211. 

Stortenbeker, J^ec. irav. ch\m., 1902, 21, 87; 1905, 24, 53; 1907, 26, 248. 

® See Tutton, Proc. Boy. 80 c., 1910, [A], 83, 211. 

® van Eyk, Proc. K. Akad. Wet. Armterdam, 1900, 2> 1480; 3, 98; Zeit. 
physikal. Chem., 1905, 51 * 1^21, 
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composes rapidly at 450®, leaving a residue of thallic oxide> 
One hundred parts of water dissolve, according to Berkeley : 

At O'’ 20° 40° 60° 80° 100° 

TINO3 3-9 9*65 20-9 46-2 111-0 414-0 

It is insoluble in alcohol. 

PhosjUiates of Thallium , — These salts are isomorphous with 
the analogous potassium compounds. 

Normal Thallous Orthophosphate^ TI3PO4, is obtained in the 
form of needle-shaped crystals by precipitating the correspond- 
ing potassium salt with a thallium salt. It is also formed by 
the precipitation of ordinary sodium phosphate, but this pre- 
cipitation is not complete (Lamy). One part dissolves at 15® in 
201, and at 100® in 149 parts of water (Crookes). It is easily 
soluble in ammoniacal salts. 

Monohydrogen Thallous Orthophosphate^ HTl2P04,H20, is 
formed by neutralising a boiling solution of phosphoric acid 
with thallium carbonate. When evaporated to a syrup, the 
concentrated solution deposits rhombic crystals. These lose 
their water at 200°, and when they are heated to dull redness 
a glassy mass of pyrophosphate remains behind. 

Dihydrogen Thallous Orthophosphate, H2TIPO4. — This salt is 
obtained when phosphoric acid is added to a solution of the 
foregoing salt until the liquid exhibits a distinctly acid reaction. 
It crystallises in monoclinic, pearly tablets, dissolves readily 
in water, and on ignition is converted into the glassy meta- 
phosphate. 

Normal Thallous Carbonate, TI4CO3. — Thallium hydroxide 
readily absorbs carbon dioxide. Thus if the moistened metal 
is allowed to lie exposed to the air, it becomes covered with 
needle-shaped crystals of the carbonate. This salt crystallises 
from solution in water in glittering monoclinic prisms, which 
have a caustic, metallic taste and an alkaline reaction. One 
hundred parts of water dissolve, according to Lamy : 

At 18° 62° 100-8° 

TI2CO3 5-23 12-85 22-40. 

It is insoluble in alcohol. It fuses on heating and decomposes 
at a higher temperature with evolution of carbon dioxide. 

Thallous Cynaide, TICN. — This salt is obtained by mixing 
strong solutions of potassium cyanide and thallous nitrate 

^ Thomas, Com<pU rmd,, 1904, 138, 1697. 
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(Crookes). It separates in glittering plates not very soluble 
in water. When heated, it decrepitates and melts easily, vola- 
tilising when strongly heated on platinum foil without reduction 
and without acting on the platinum. It is readily soluble 
in potassium cyanide and forms crystalline double cyanides. 

Silicate of Thallium . — A solution of the hydroxide when 
boiled with amorphous silica dissolves this substance, and when 
the solution is evaporated a crystalline mass, having the com- 
position TlgSiioOga = 3Tl2O,10SiO2, and also containing water, 
separates out. When thallium oxide is fused with silica a yellow, 
strongly refracting glass is obtained, which is occasionally 
employed in place of lead silicate for optical glass. 

Thallous Borate . — ^Various borates of thallium have been 
described by Buchtala.^ 


THALLIC COMPOUNDS. 

349 Thallic oxide, like alumina, acts as a weak base. The 
salts with colourless acids are colourless, and are as a rule 
hydrolysed to a considerable extent in aqueous solution, so 
that many of them decompose when their solutions are largely 
diluted, or heated, the hydrated oxide being deposited. They 
are reduced by metallic thallium to thallous salts and show a 
greater tendency than these to form complex salts.^ 

Thallium Trioxide, TlgOg. — ^When molten thallium is plunged 
into oxygen it takes fire with formation of this oxide. At a 
red heat this is, however, converted into the monoxide. It 
is also obtained by passing a current from a few Bunsen elements 
through acidulated water, the positive pole consisting of metallic 
thallium, which then becomes covered with a black deposit of 
this oxide ^ (Wohler) : 

TI2 -f” 3H2O = TI2O3 4 " 3H2. 

It is also deposited on a platinum anode as a coherent film when 
an acid solution of thallous sulphate containing a little acetone 
is electrolysed,^ and this separation may be utilised for the 
gravimetric estimation of thallium. 

Thallic oxide is also obtained when hydrogen peroxide is 

1 J. pr. Chem., 1913, [2], 88, 771. 

^ See Spencer and Abegg, Zeit. anorg. Chem., 1905, 44, 379. 

3 Annalen, 1868, 146, 243, 375. 

* Heiberg, Zeit, a ^yrg. Chem,, 1903, 85, 347. 



THALUC COMPOUNDS 


789 


added to an alkaline solution of a thallous salt and the resulting 
precipitate washed with alcohol and ether and dried in vacuo. 
When cold solutions are employed the oxide is brown, has the 
sp. gr. 9*65, and is readily soluble in acids, whereas the oxide ob- 
tained from hot solutions is black, has the sp. gr. 10*19, and is 
only slowly attacked by acids.^ The crystalline oxide obtained 
by heating the nitrate, however, has the sp. gr. 9*97.^ The 
oxide melts at 726°, and loses oxygen slowly at 800° and rapidly 
at 1000°. 

Thallic Hydroxide, Tl(OH)3. — If a hot solution of thallous 
chloride in sodium carbonate is mixed with one of sodium 
hypochlorite, a brown precipitate is obtained which probably 
consists of amorphous thallic hydroxide, but on drying has the 
composition TIO(OH). The latter compound is also formed 
by the action of an alkali on thallic chloride. Thallic hydroxide 
is a reddish-brown powder. When treated with hydrochloric 
acid it evolves chlorine with formation of a thallous salt, whereas 
oxygen is given off when it is heated with concentrated sulphuric 
acid; on heating to 110 — 120° it is transformed completely into 
thallic oxide and at a red heat into the monoxide. 

Thallic Chloride, TICI3, is formed when the monochloride is 
treated with chlorine imder water. If the solution is evaporated 
at 60—70° and then cooled, deliquescent, colourless crystals of 
the hydrate TlCl3,4H20 are obtained which pass slowly in vacuo 
at the ordinary temperature, more rapidly at 55°, into the mono- 
hydrate. The anhydrous chloride can be obtained, according to 
Thomas, by direct dehydration of the tetrahydrate over caustic 
soda in vacuo, or according to Meyer by the decomposition in 
vacuo of the compound TICI3, (02115)20 obtained by the action 
of ether on the tetrahydrate. It forms a hard mass consisting 
of six-sided crystals, and melts at 24°.® 

When thallium is strongly heated in chlorine, a yellowish-brown 
mass of the composition T1C13,3T1C1 is formed, and this can also 
be obtained by the partial reduction of thallic chloride and by 
saturating a solution of this chloride with thallous chloride. It is 
sparingly soluble in cold, but readily in hot water, separating 
from this solution in dark-yellow, six-sided tablets, strongly 

1 Rabe, Zeit. anorg. Chem., 1906, 48 , 427; 1906, 60 ) 158; 1907, 55 , 130. 

2 Thomas, Compt. rend., 1904, 138 , 1697; cf. Lepierre and Lachaud, %hid., 
1891, 113 , 196. 

* Meyer, Zeit. anwg. Chem., 1900, 94 , 321; Thomas, Compt. rend., 1902, 
135 , 1061; Ann. Chim Phya., 1907, [8], 11 , 204; cf. McClenahan, Amer. 
J. 8ci., 1904, [4], 18 , 104. 
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resembling lead iodide in appearance. Many compounds inter- 
mediate in composition between this and the trichloride have 
been described, but according to Meyer these are probably solid 
solutions of thallous chloride in thallic chloride, a continuous 
series being possible up to the limit of composition represented 
by T1C13,3T1CL 

When the metal is treated with nitrosyl chloride, the compound 
T1C1,T1C13,2N0C1 is formed. If an alcoholic solution of the 
trichloride is heated with alcoholic ammonia, a white, crystalline 
precipitate of (NH3)3TlCl3 separates out; this is decomposed 
on contact with water with formation of the violet-coloured 
trioxide : 


2 (NH 3 ) 3 T 1 CI 3 + SHaO = TI2O3 + 6NH4CI. 

The chloride also forms double salts with the chlorides of 
ammonium and potassium.^ 

Thallic Bromide has not been obtained in the anhydrous 
state, but the monohydrate, TlBrgjHgO, is known. Like the 
chloride, it unites with the corresponding thallous salt, but 
forms two definite compounds, TlBr3,TlBr and TlBrgjSTlBr, as 
well as a series of solid solutions. 

A large number of chlorobromides have been described, which 
are obtained by the action of bromine on the chloride and of 
chlorine on the bromide, as well as by reactions between the 
chlorides and bromides themselves.® 

Thallic Sulphide, TI2S3, is formed when the metal is fused 
with an excess of sulphur. It is a black, amorphous mass which 
at a summer temperature is soft and plastic like pitch. Below 
12° it is hard and brittle, exhibiting a glassy fracture. 

If one part of thallium sulphate is fused with 6 parts of sulphur 
and 6 parts of potassium carbonate, and the mass treated with 
water, a red, crystalline powder remains behind having the com- 
position KTIS2. This substance is not attacked by caustic 
potash, but decomposes in presence of acids (Schneider). 

Thallic Sulphate, Tl2(S04)3, crystallises on evaporation of a 

* See also Cushman, Amor. Chem, J , 1900, 24 , 222; Thomas, Compt. rend., 

1906, 142 , 838; Ann. Chtm. Phya , 1907, [8], 11 , 204. 

* See Pratt, Amer. J. Sei., 1895, [3], 49 , 398, 402; Meyer, he. cit.; Wallace, 
Zed. Kryst. Mm., 1911, 49 , 417. 

* Meyer, Zed. anorg. Chem , 1900, 24 , 321 ; Cushman, Amer. Chem. J., 

1900, 222; Thomas, Comjil. rend., 1900, 131 , 892, 1208; 1901, 132 , 80, 

1487; 1901, 183 , 736; 1902, 134 , 546; 1902, 136 , 1061; Ann. Chm. Phya, 

1907, [8J, 11, 204. 
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solution of the trioxide in warm dilute sulphuric acid in the 
form of thin, colourless tablets containing THgO, which are 
decomposed by water with separation of the hydrated trioxide. 

It very readily forms the basic salt, T1(0H)(S04),2H20> even in 
presence of sulphuric acid (Marshall), and yields the acid salt, 
112(804)3,112804,81120, when an excess of acid is present. This 
acid salt is decomposed at 220®, leaving the anhydrous sulphate 
(Meyer and Goldschmidt). 

No true alums have as yet been prepared containing thallic 
sulphate in place of aluminium sulphate, but salts of the type 
M2804,Tl2(804)3,8H20 have been prepared containing the sul- 
phates of ammonium, potassium, and rubidium. Crystals 
of ammonium alum have, however, been obtained containing 
variable amounts of thallic sulphate, and it seems probable, 
therefore, that thallic sulphate, like the sulphates of aluminium, 
gallium, and indium, is capable of forming true alums.^ 

A number of complex thallo-thallic sulphates have been 
described. The simplest of these has the composition 
Tl2804,Tl2(804)3, and is formed when equivalent amounts of 
thallous and thallic sulphate are dissolved in water and the 
solution is allowed to crystallise.^ 

Thallic Nitrate, T1(N02)3,3H20, is deposited from a solution 
of the oxide in nitric acid in colourless, deliquescent crystals 
which decompose on heating with water. 

The complex salt, 2T1N03,T1(N03)3, crystallises in prisms, 
melts at 150°, and is decomposed by moist air.^ 

Detection and Estimation of Thallium. 

350 The salts of thallium are poisonous, and the soluble salts 
possess a disagreeable metallic taste. Their presence may be 
readily detected by the beautiful green colour which they impart 
to a non-luminous gas-flame. The spectrum of this flame con- 
sists of one bright green line having a wave-length of 5351, not 
coincident with any line in the solar spectrum. Thallium may 
be readily separated from all the other metals by treating an 
acid solution with sulphuretted hydrogen, filtering off the 
separated sulphides, and precipitating the filtrate with sulphide 

1 Piccini and Fortiiii, Zcit. anorg. Chem,, 1902, 31, 451; Fortini, Gazzetta, 
1905, 35, ii., 450. 

2 Lopsius, Chem. Centr., 1891, i., G94. See also Marshall, Proc. Roy. Soc. 
Edin., 1902, 24, 305; Meyer and Goldschmidt, Pfr., 1903, 36, 238. 

3 Wells and Beardsley, Amer. Chem. J., 1901, 26, 275. 



792 


THE ALUMINIUM GROUP 


of ammonium, which throws down thallium sulphide as a black 
precipitate. This precipitate may contain also the sulphides 
and hydroxides of the metals of the iron group; to separate 
these, it is washed, dissolved in nitric acid, and the boiling 
solution neutralised with sodium carbonate ; on cooling, chloro- 
platinic acid is added, when the pale yellow double chloride 
of thallium and platinum, 2TlCl,PtCl4, is precipitated. This 
compound dissolves in 15,600 parts of cold water, and hence may 
be employed for the quantitative estimation of thallium. Thallium 
may also be precipitated by potassium iodide as thallous iodide, 
which in presence of an alkali iodide is altogether insoluble in 
water. 

Several other methods for the estimation of thallium have 
been proposed, based on the oxidation of thallous to thallic salts, 
by means of bromine, iodine, or auric bromide.^ As already 
mentioned (p.788), thallium may also be estimated by the electro- 
lytic deposition of thallic oxide. It can also be estimated as 
metal by using a mercury cathode and a rotating anode.^ The 
salts derived from volatile acids may be converted into sulphate 
by careful heating with sulphuric acid, and the thallium weighed 
in this form. Finally, thallic salts may be precipitated in neutral 
solution by ammonia, the liquid boiled, and the resulting thallic 
oxide dried at 60 — 70° and weighed. 

The Atomic Weight of thallium has been determined by 
Crookes® by converting the metal into the nitrate. Ten ex- 
periments gave numbers lying between 202-62 and 202-65 
(H = 1). The corresponding number 204-1 (0 == 16) has been 
confirmed by Lepierre, who analysed thallic oxide and thallous 
sulphate, and determined the amount of thallic oxide which 
could be obtained from a thallous salt.^ The number .>,ccepted 
now (1922) is 204-0. 

^ Marshall, J, Soc, Chem, Indy 1900, 19, 994; Thomas, CompL rend, 1900, 
130, 1316; 1902, 134, 655. 

2 Mortlen, J. Amer. Chem. Soc., 1909, 31, 1045. 

® PhiL Trans., 1873, 163, 277. Compt. rend., 1893, 116, 580. 
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Scandium, Sc 
Yttrium, Yt 

Dysprosium, Dy 
Holmium, Ho 
Erbium, Er 
Thulium, Tm 
Neo-ytterbium, Yb 
Lutecium, Lu 
Celtium, Ct 

351 The term rare earth metal is generally applied to the exten- 
sive series of elements, the atomic weights of which lie between 
those of barium and tantalum. In addition, the two metals 
scandium and yttrium belonging to the boron group of metals are 
often classed with them. The most striking characteristic of the 
group is the extraordinary chemical similarity between the 
members : this similarity, coupled with the fact that the rare 
earths are always associated together in nature, makes their 
separation and preparation in the pure state a matter of very great 
difficulty.^ The relation of these elements to the periodic system 
of classification has given rise to much discussion (p. 69), and 
opinions are still divided as to whether they form an anomalous 
group occupying a single position in the periodic system, or 

1 An elaborate monograph on the Rare Earths by R. J. Meyer, with a very 
full discussion of their atomic w^eights by Brauner, is contained in Abegg’s 
Handhuch der anorganischen Chemie, vol. lii., part I. (Hirzel, Jjeipzig, 1906). 
See also The Metals of the Rare Earths, by J. E. Spencer (Longmans, Green and 
Co., 1919). A short article contributed by Brauner to Mendcl^ff’s Principles 
of Chemistry, vol. ii., pp. 106-124 (Longmans, London, 1905), Bohm’s DarsteU 
lung der Selinen Erden, 2 vols, (Veit & Co., Leipzig, 1905), and R, J. Meyer 
and 0. Hauser’s Die Analyse der seltenen Erden und der ErdsaUren (F. Enke, 
Stuttgart, 1912), also contain much valuable information on the subject. 
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Lanthanum, La Europium, Eu 

Cerium, Ce Gadolinium, Gd 

Praseodymium, Pr Terbium, Tb 
Neodymium, Nd 
Samarium, Sa 
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whether they are to be assigned to the vacant spaces in series 
8, 9, 10 (pp. 52-53).! 

The earths formerly described as philippia and mosandria 
have been proved to be mixtures of other earths, ^ and it is 
probable that the compounds of decipium (Delafontaine) ® and 
victorium (Crookes) ^ are also mixtures. 

352 In the year 1794 Professor Gadolin, of Abo, in Finland, 
discovered a new earth in the mineral, termed after him gado- 
linite, which had been found at Ytterby in the year 1788. This 
discovery was confirmed in the year 1797 by Eckeberg, who 
found that the compound separated by Gadolin contained, 
together with glucina, a new earth, to which he gave the name 
of yttria. In 1803 Klaproth discovered a second peculiar earth in 
another Swedish mineral found at Riddarhyttan, which mineral 
had formerly been supposed to contain tungsten, and to this, 
because it became dark yellow on heating, he gave the name of 
ochroite. The same substance was examined simultaneously 
by Berzelius and Hisinger, who considered it as the oxide of a 
new metal which they termed cerium, after the planet Ceres, 
which had been recently discovered, whilst the mineral was called 
cerite. 

In 1819 Berzelius observed that crude yttria also contained 
ceria ; and Mosander, in 1839, showed, in a most careful investi- 
gation, that ceria contained the oxide of another metal, to 
which he gave the name of lanthanum {}^av6dv(o, I lie 
hidden). 

In 1841 he discovered that the latter was not pure, but con- 
tained a third new element, to which he gave the name didymium 
(from hihvfjioi, twins). The same chemist in 1843 concluded 
from another series of investigations that yttrium was invariably 
accompanied by two other metals, to which he gave the names 
of terbium and erbium from the terminal letters of the stem 
of the word Ytterby. According to the investigations of Bunsen 
and Bahr,^ only one of the last two metals appeared to exist, 
and for this they retained the name erbium, but the subsequent 

^ See Werner, Ber., 1905, 38 , 914; Armstrong, Proc Roy. Soc., 1902, 70 , 
86; Brauner, J. Russ. Chem. Phys. 80 c., 1902, 34 , 142; Zeit. Elektrocliem , 
1906, 17; Blitz, Ber., 1902, 35 , 562; Brauner, Zeit. Ekktrochem , 1908, 625, 
also this volume. Atomic Numbers, p. 72. 

* See Roscoe, Ber., 1882, 15 , 1274. 

* Comj>t. rend., 1881, 93 , 63. 

* Proc. Roy. Soc., 1899, 65 , 237 ; Urbain, Compt. rend., 1905, 141 , 954 . 

* Annalen, 1866, . 137 , 1. 
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researches of Delafontaine and Marignac showed that both 
elements were present. 

Further investigations have proved that the substances which 
all these chemists examined were in most cases highly complex 
mixtures, the complete separation of which has not yet been 
effected. This is illustrated by the two following tables which 
show the earths which have so far been obtained from yttria 
and ceria. The name of the investigator who effected each 
separation is added together with the date. Further details 
will be found under the headings of the separate metals. 

Europia has also been found as a constituent of Dclafontaine’s 
terbia, and of both of the earths obtained from it by Marignac. 

353 The rare earths occur in several rare minerals found in 
various localities in Scandinavia, Siberia, Greenland, North 
America, Ceylon, India, and Brazil. They are usually present 
in the form of silicates, less frequently as columbates, tantalates, 
phosphates, fluorides, and uranates, and are often accompanied 
by the oxides of glucinum and zirconium. The most important 
of these minerals are gadoUnite, a basic orthosilicate of glucinum, 
iron, and the yttrium metals ; cerite, a hydrated silicate of calcium 
and the cerium metals; Jceilhauite, a titanosilicate of yttrium, 
aluminium, iron, and calcium; samarsMte^ a columbate and 
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f'GADOLINIA 

(Marignac) 

1880 


/ Erbia — Terbia 
(Mosander) (Delafon- ' 
1843 taine) 
1878 


^TERBIA 


/SCANDIA 


/ 


Ytterbia 

(Marignac) 


1878 


(Nilson) 

1879 


CELTIA 
(Urbain) 1907 

I LUTECIA 

^Ytterbia-! (Urbain) 1907 

I NEO- YTTERBIA 


Yttria 
(Gadolin) / 
1788 \ 


Serbia — 
(Mosander) 


1843 


Eibia 

(Berlin) 

1860 


I Soret's X 

1878 
or 

Holmia 

(Cleve) 

1879 


/DYSPROSIA 
(Lecoq de Boisbaiidran) 
1886 

HOLMIA 


THULIA 

(Clevo) 

‘ 1879 

Erbia 


ERBIA 


V YTTRIA 

tantalate of iron, calcium, uranyl, and the metals of both the 
cerium and yttrium groups; fergusonite, a columbate of both 
the yttrium and cerium metals ; euxenite, a columbate and titan- 
ate of yttrium, cerium, erbium, and uranyl; monazite, an 
orthophosphate of the cerite earths containing thorium ; xenotime, 
an orthophosphate of the yttrium metals; and thorianite, a 
mineral found in Ceylon, containing 70 per cent, of thoria together 
with the oxides of uranium, cerium, lanthanum, didymium, 
yttrium, and zirconium.^ The subjoined analyses ^ give some 
idea of the general composition of three of these minerals. 

^ Dunstan and Blake, Proc, Boy, Soc., 1905, 76, 253. 

> Quoted from Dana’s Mineralogy (1892). 
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Cerite. 

(Lindstrom, 1873). ' 

Gadolinite from 
Ytterby. 

(Pettersson, 1890) 

Samarskite from 

N. Carolina 
(Allen, 1877) 

SiO^. . . 

22-79 

SiOg. . . 

23-88 

Ta 205 . 

. 18-20 

Ce^Oa . . 

24-06 

ThOg . . 

0-41 

CbgOg . 

. 37-60 

LaaOa J 

35-37 

YtgOg . . 

CegOg . . 

45-30 

3-84 

SnOgl 
WOg/ • 

. 0-08 

FeO . . . 

3-92 

Di,0,l 

O.K'T 

UOg . 

. 12-64 

AlgOg . . 

1-26 

La 203 f 

J 01 

CegOgl 


CaO . . . 

4-35 


0-60 

DigOg 1 

. 4-17 

HgO. . . 

3-44 

FeO . . . 

12-89 

LO. 2 O 3 J 


Gangue . 

4-33 

GIO . . . 

9-91 

Yt 203 . 

. 14-48 


CaO 1 

A KA 

FeO . 

. 10-75 


99-52 

MgO/ • • 

U’Oi 

MnO . 

. 0-78 



NagO 

0-15 

CaO . 

. 0-65 



HgO. . . 

0-57 

HgO . 

. 1-12 




100-66 


100-17 


The crude earths are obtained from the minerals by methods 
which differ somewhat according to the nature of the material 
to be treated. Cerite is evaporated with strong sulphuric acid, 
the excess of acid removed by heating, and the residue dissolved 
in ice-cold water. The clear solution is saturated with sul- 
phuretted hydrogen, again filtered, and then made acid with 
hydrochloric acid and precipitated with oxalic acid, by means of 
which the insoluble oxalates of the earths, consisting mainly of 
ceria, lanthana, and didymia, are obtained and are finally con- 
verted into the oxides by ignition. Gadolinite, on the other hand, 
is decomposed by hydrochloric acid, and the oxalates are then 
precipitated from the solution of the chlorides. In other cases 
(fergusonite) the mineral is fused with potassium bisulphate, the 
fused mass is extracted with water, and the earths are pre- 
cipitated as hydroxides or oxalates. 

The most important source of the rare earths, at the present 
time, is the residue left after thorium has been separated from 
monazite sand in the preparation of compounds of this element 
for the incandescent mantle industry. 

The nature of the crude oxide thus obtained varies very 
greatly according to the source from which it is derived. The 
different earths, with but few exceptions, resemble one another 
very closely, so that, in order to separate them, advantage 
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has to be taken of very slight differences in chemical behaviour, 
and the processes of separation are repeated a very large number, 
often amounting to many hundreds, of times. It is therefore 
advisable to commence the preparation of any particular earth 
with a mineral which contains a large proportion of this element 
and which is as free from admixture as possible, since in this 
way the length and tediousness of the processes of separation 
are lessened. 

In some cases it is advisable first of all to remove the cerium, 
especially when this element is present in large proportion. 
This may be effected by a number of different methods, all of 
which depend on the fact that when the oxalates are calcined 
cerium forms an oxide, CeOg, and that the derivatives of this 
differ very considerably from those of the oxides of the type 
E2O3 formed by the other earths. Of these methods one of 
the most effective is to convert the oxides into nitrates and 
pour a solution of these into a large amount of boiling water, 
under which circimistances a basic ceric nitrate separates, con- 
taining only a small amount of praseodymium and neodymium, 
from which it can be freed by several repetitions of the process. 
A second method is to add a solution of some salt of the earths 
to potassium permanganate solution containing magnesia in 
suspension. Ceric hydroxide is precipitated, and the filtrate is 
free from cerium (R. J. Meyer and Schweitzer). 

A rough division of the mixed earths into two groups is obtained 
by saturating the neutral solution of the crude oxide in nitric 
acid with potassium sulphate. Double salts are formed of the 
general formula R2(S04)3,3K2S04, those of the yttrium group 
(Yt, Yb, Lu, Er, Ho, Tm, Tb, Sc) being soluble, whilst those 
of the cerium group (Nd, Pr, La, Ce, Sa, Gd) are less soluble in a 
saturated solution of potassium sulphate. The sulphates thus 
obtained may be converted into oxalates, which are only sparingly 
soluble in dilute acids, or into oxides, and the separation repeated 
as often as is desired. For the further separation of the oxides 
which have been submitted to the foregoing treatment a number 
of different methods have been proposed, which may be grouped 
under the following four heads.^ 

(1) Ignition of the Nitrates (Bahr and Bunsen). — When the 
neutral nitrates of the earths of either of these groups are gently 
heated, it is found that the salts of the different earths are 
decomposed at different temperatures. In the case of the 
^ Compare Losse, Ztit, anorg, Chtm,, 1892, 3» 66. 
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yttrium group of oxides, to wMch the method is best applied, 
the nitrates decompose in the following order, Sc, Yb, Er, Ho, 
Tm, Tb, Yt, yttrium nitrate requiring the highest temperature. 
The heating is therefore continued only imtil a slight amount 
of decomposition has taken place; the cooled mass is then 
extracted with boiling water, and the basic salt which separates 
on cooling is removed by filtration. The filtrate is then 
evaporated and the process repeated. 

(2) Fractional Precijpitatim with Ammonia or some other Base , — 

The neutral nitrate obtained from the crude earth is dissolved 

in water and ammonia added in such quantity as to precipitate 
a portion only of the earths which are present, the solution 
being so dilute that the precipitation takes place slowly. In 
this way the least basic earths are first precipitated, whilst the 
most basic are found in the filtrate. Among the cerium group 
of earths, lanthana appears to be the most basic, and is followed 
by ceria, praseodymia, neodymia, samaria, and gadolinia. The 
precipitated hydroxide is filtered off, redissolved in nitric acid, 
and again submitted to fractional precipitation, whilst the filtlate 
is treated in a similar manner to the original solution. This 
separation^ is most efficiently effected in very dilute solution 
in the presence of a large excess of ammonium chloride. Other 
bases, such as caustic potash, magnesia, or the weak organic 
base aniline, may be employed in a similar manner. 

(3) Fractional Crystallisation of Salts . — This method has been 
applied to a very large number of different salts, and has proved 
of the greatest value for the separation of many of the rare 
earths. The most important results have been attained by the 
crystallisation of the double ammonium nitrates (praseodymium 
and neodymium), the double magnesium nitrates (europium), 
and the double potassium sulphates (samarium, scandium), but 
the formates,^ carbonates, oxalates, ethyl sulphates,® and aceto- 
acetates have all been employed. The crystallisation of the 
double magnesium nitrates of the earths of the terbium group 
with the addition of bismuth nitrate has led to the isolation 
of pure salts of gadolinium and terbium (Urbain and Lacombe). 

James ^ effects a separation of the yttrium earths by crystallisa- 

^ Prandtl and Rauchenberger, Ber., 1920, 63b, 843. 

2 Urbain, Com'pt, rend.^ 1906, 142, 786. 

® Bettendorf, Annalen, 1907, 352, 88. 

* James, Chem. N'^ws, 1907, 76, 181; 1908, 97, 61, 206; J. Amer. Chem. 
Soc., 1912, 34, 767. 
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tion of the bromates, the order of separation of the rare earth 
bromates from aqueous solution being samaria, europia, gado- 
linia, terbia, yttria, dysprosia, holmia, erbia, thulia, and ytterbia. 
In this way pure thulia and yttria can be obtained. 

( 4 ) Fractional Precipitation of Salts . — ^Lehner and Benner^ 
effect a separation of the yttrium earths by fractional precipi- 
tation of a hot solution of the nitrates with sodium succinate. 
The earths precipitated first are holmia, terbia, and europia, 
whilst the major portion of the yttria is left in the solution 
When a hot alcoholic solution of sodium stearate is added 
cautiously to a hot solution of the nitrates of the yttria earths 
a rapid separation can be effected (Stoddart and Hill).^ The 
gadolinia and ceria earths can also be separated by this method. 

354 The progress of the separation effected by any of these 
means may be followed by several methods, one of the most trust- 
worthy of which is the determination of the mean chemical 
equivalent of the oxide obtained. This is accomplished by pre- 
cipitating the earth in the form of oxalate, igniting, and weighing 
th 5 oxide; this is then exposed to steam and afterwards 
evaporated with dilute sulphuric acid and heated gently over a 
small flame, or, better, at the temperature of sulphur vapour, 
until the weight is constant. The amount of sulphate formed 
from a known weight of oxide is thus ascertained, from which 
the equivalent of the earth can be calculated. This method is 
of great value when the earths which are being separated differ 
considerably in their equivalents, but is, of course, less useful 
when, as is often the case, the mixture consists of earths which 
have nearly the same equivalent. 

Most other methods employed for detecting the progress of 
purification or separation are applications of spectrum analysis. 
In addition to the spark spectra, or those shown in the electric 
arc, the salts of many of the earths in solution exhibit character- 
istic absorption spectra. A number of the earths, moreover, 
show “ phosphorescence spectra ’’ when the ignited earth or 
its basic sulphate is exposed to an electric discharge in a highly 
exhausted glass bulb (Crookes), or exhibit a characteristic spec- 
trum when an induction spark is made to pass from a positive 
pole of platinum on to the centre of the surface of a solution 
of one of the salts of the earth, which is connected with the 
negative pole (reversion spectra of Lecoq de Boisbaudran). 

1 J. Amer. Chem. Soc., 1908, 30, 672; 1911, 33. 60. 

> Ibtd., 1911. 33, 1076. 
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Probably the most rapid method of controlling a fractionation 
of the rare earths is that depending on the measurement of the 
magnetic susceptibility of the mixtures. It has been found that 
this quantity varies considerably from element to element, more 
in fact than does any other property. Consequently a measure- 
ment of this quantity, which can be made in a few minutes by 
a magnetic balance, gives at once accurate information on the 
progress of the separation of any mixture. 

The evidence afforded by the study of the spectra yielded by 
the earths in any of these ways is very difficult to interpret, 
because we are at present unacquainted with the exact influence 
of many variable conditions, especially the presence of other 
substances, upon the phenomena in question, and this influence 
is of very great importance, especially as regards absorption 
spectra and phosphorescence spectra. Kruss and Nilson,^ 
arguing from the variation in the absorption spectra of the 
nitrates of the rare earths, and Crookes, ^ from a study of 
phosphorescence spectra, independently drew the conclusion 
that a very large number (24-30) of different elements were 
present in the rare earths. The chemical evidence, so far as it 
has been obtained, has not confirmed these views. The further 
study of absorption spectra, moreover, has shown that variations 
in the intensity and position of the bands may be produced by 
many factors and do not therefore necessarily indicate changes 
of composition. As regards phosphorescence spectra it has been 
shown that pure earths do not yield a discontinuous phosphores- 
cence spectrum, but that such a spectrum is produced in the 
presence of small amounts of other substances and varies both 
with the amount and nature of this second substance.® 

Moseley’s work on A-ray spectra and atomic numbers (p. 72) 
has thrown much light on the number and homogeneity of the 
rare earth metals. It would appear from his results that the 
possible rare earth elements are 16 in number, of atomic numbers 
67-72 and of atomic weights lying between those of barium and 
tantalum. Of these, 15 correspond with those already recog- 
nised on other grounds, and the elementary nature of which 
is thus confirmed. The missing element still to be discovered 
should come between neodymium and samarium, with an atomic 
number 61. 

355 The metals of this group were at first supposed to be 

^ Ber.t 1887, 20, 2170. * See Joum, Chem. Soc,, 1889, 65, 2C0. 

* ^aur and Marc, Ber., 1901, 34, 2460. 

VOL. II. (l.) 3 F 
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divalent, the general formula of the earths being written RO. In 
1870 Mendeleev found that whilst the equivalent of cerium was 
46'3, its specific heat was about 0-06, whilst Hillebrand obtained 
the more accurate number 0-04479. According to this the 
atomic weight of cerium must be 139, and not 92-6 as previously 
supposed, since 139 x 0-04479 = 6-3, the lower basic oxide being 
therefore CegOg, and the higher oxide CeOg. 

It was suggested at the same time that the basic oxides of 
didymium and lanthanum, which had nearly the same equiva- 
lent as cerium, might be DijOg and LaOj, didymium (138) being 
placed in the third group of the periodic system, and lanthanum, 
with an atomic weight of about 180, in the fourth group along 
with cerium. In this way these metals foimd a place in the 
periodic system, whilst no place existed for them in that system 
if their atomic weights were taken as about 92. The atomic 
weight of yttrium, the compounds of which were then but little 
known, was at the same time altered for similar reasons from 
about 59 to 88, the oxide being formulated Yt^Og instead of 
YtO, and the metal placed in the third group of the periodic 
system. 

The subsequent determination of the specific heats of lan- 
thanum (0-04485) and the old didymium (0-04563) by Hillebrand 
showed that both these metals had an atomic weight of about 
140, and a more accurate determination of their equivalents led 
to the atomic values La = 137-5, Di = 144. Oxide of lanthanum 
was, therefore, formulated LagOg and the metal placed in the 
third group. The salts of didymium have since that date been 
shown to consist of the salts of at least two distinct elements, 
the oxides of which have been given the formulae Pr.Og and 
NdgOg respectively. 

The tervalent character of the rare earths is confirmed by 
molecular weight determinations of the anhydrous chlorides in 
non-ionising solvents, by the electro-conductivity of aqueous 
solutions of the chlorides, and by the isomorphism of the crys- 
talline hydrates of the sulphates of the rare earths with corre- 
sponding sulphates of other elements of imdoubted tervalent 
character. 

At present the general formula RgOg is applied to the basic 
oxides of all the rare earth metals, and the formulae of their salts 
are written in accordance with this. 
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SCANDIUM. Sc^44*i. At. No. 21 . 

356 The oxide of this metal, which has not itself been isolated, 
was discovered in euxenite in 1879 by Nilson,^ who obtained 
2 grams of the pure oxide from 10 kilos, of the mineral. The 
element scandium is of very wide occurrence,^ but only in very 
small quantities. The minerals wiikite and an orthite from 
Finland are the richest,® and both contain less than one per 
cent, of the oxide. The minerals wolframite ^ and cassiterite 
are also good sources for scandium compounds, they contain 
about 0*26 per cent, of the oxide. It is less basic than any of 
the other rare earths. 

Scandium occupies the place in the periodic system which 
was assigned by Mendeleev in 1869 to the unknown element 
ekaboron (p. 70). Speaking of this undiscovered element, he 
said in the course of a full discussion of the subject ® : Its atomic 
weight will be about 44, and its oxide, Ek203, will be a stronger 
base than alumina and will have a specific gravity of about 3-5, 
whilst the specific gravity of the chloride will be about 2. The 
oxide will be insoluble in alkalis and the salts colourless, yielding 
gelatinous precipitates with potash, potassium carbonate, 
sodium phosphate, etc. 

Scandia is obtained from the mixed oxides of the rare earths 
either by precipitating as fluoride and further purification by 
the usual methods, or by precipitating as sihcofluoride. The 
most persistent impurity is thoria and this is removed ® by treat- 
ment with sodium thiosulphate, when the scandium is precipitated 
and the major part of the thorium left in solution. The last 
traces of thoria are removed ^ by adding excess of potassium 
iodate to a nitric acid solution of the nitrate, when the thoria 
is precipitated as iodate. 

The extraction of scandium compounds from the wolframite ® 

1 Ber„ 1879, 12, 654; 1880, 13, 1439. 

* Ebethard, Siizungaher. K, Akad. TFw. Berlin^ 1908, 851; 1910, 404; 
Crookes, Proc, Roy, 80 c., 1908, 80, [A], 516; Vernadsky, Bull, Acad, 8 ci, 8 t, 
Petersburg, 1908, 1273. 

* Meyer, Sitzungsher, K, Akad, Wiss, Berlin, 1911, 379. 

* Meyer, D.R.-P., 1908, 202253; Lukens, J, Amer, Chem, Soc,, 1913, 35, 
1470. 

* Annaten Supplemeniband, 1872, 8, 197. 

® Meyer, Zett, anorg, Chem., 1908, 60, 134; Meyer and Winter, ibtd,, 1910, 
67, 398. 

’ Meyer, Chem, News, 1912, 106, 13. 

® Sterba-Bohm, Zeit. Elektrochem., 1914, 20, 289; Meyer, D.R.-P. 1908, 
202253, 208355. 
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and cassiterite residues after the removal of tin is effected 
in the following manner. The residues are fused with soda 
and the cooled fusion extracted with water. The solution thus 
obtained contains all the tungsten as sodium tungstate. The 
residue is washed and dissolved in hydrochloric acid and the 
rare earths are precipitated by either oxalic acid or hydrofluoric 
acid, a large excess being used to keep the iron and manganese in 
solution. The precipitate of rare earths contain 90-95 per cent, 
of scandium, which is purified, by solution in hydrochloric acid 
and precipitation by boiling with sodium silicofluoride. The 
last traces of thoria are removed as described above. 

Metallic scandium has not yet been isolated. 

Scandium hydroxide^ Sc(OH)3, is a gelatinous, white precipitate 
which on ignition yields the oxide, ScgOg. The latter is a white 
powder resembling magnesia, of specific gravity 3 - 864 , and a 
specific heat 0 - 1530 . It dissolves slowly in cold but rapidly in 
hot acids to form scandium salts. The salts are colourless and 
exhibit no absorption bands. The chloride ^ and bromide, 
ScClg and crystallise with 121120 ; the fluoride is anhy- 

drous. Scandium fluoride, SiFj, is formed by the addition of 
hydrofluoric acid or a soluble fluoride to a scandium salt. It 
is also formed by the addition of sodium silicofluoride to a boiling 
solution of a scandium salt. 

802(804)3 + 3 Na 2 SiFe = Sc2(SiF6)3 + 3 Na 2 S 04 

Sc2(SiF6)3 + 6H2O = 2SCF3 + 12 HF + SSiOa 

Freshly precipitated scandium fluoride dissolves ^ in solutions 
of alkah fluorides and the solutions thus produced when concen- 
trated deposit crystals of the double salts (NIl4)3SiF6, K3SiFg, 
and Na3SiF6. A similar double compound, AggSiFg, has also been 
obtained by crystallising a solution of scandium fluoride in silver 
fluoride solution. The existence of these salts points to the 
probable existence of a fluo-scandic acid, H3SiFg. The sulphate, 
802(804)3, crystallises with GllgO and is readily soluble in water, 
differing in these respects from the other sulphates of the group. 
The double sulphate of scandium and potassium, Sc2(804)3,3K2804, 
is insoluble in a solution of potassium sulphate. The nitrate,^ 
Sc(N 03)3,4H20, forms prismatic crystals and becomes anhydrous 
when heated on the water-bath. When heated in a vacuum at 

^ Crookes, PhtL Trans., 1908, 209, [A], 15; tbid., 1910, 210, [A], 359. 

* 8torba-Bohm, Bull. 80 c. chim., 1920, [4], 27, 185. 

• Crookes, loc. ciL 
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100® a basic nitrate, Sc(0H)(N03)2, is formed. Scandium car- 
bonate ^ 802(003)3,121120, is formed as a bulky precipitate when 
ammonium carbonate is added to a solution of a scandium salt ; 
it is readily soluble in hot .solutions of alkali carbonates, and on 
evaporation these solutions deposit sparingly soluble double 
carbonates. The compounds 803(003)3, 4Na2C03,6H20 and 
28 c 2(C03)3(NH4)2(C03),6H20 have been prepared, but no com- 
pound with potassium carbonate has yet been obtained. The 
borate, iodate, aurichloride, platinocyanide, and numerous salts of 
organic acids have been prepared.^ The spark spectrum of the 
chloride is characteristic (Thalen). The arc spectrum has been 
mapped by Lockyer and Baxandall ^ and Crookes ^ and compared 
with the solar spectrum, in which many of the scandium lines 
are to be found. 

A number of atomic weight determinations have been made 
recently by Honigschmidt ^ and Meyer and 8chwcig.® Both 
investigators agree that the atomic weight cannot be determined 
by the sulphate method, and the former gives 46*10 whilst the 
latter gives 45*3 as the atomic weight of scandium. 

YTTRIUM. Yt = 88*7. At. No. 39. 

357 Yttria is the most basic of all the yttrium group of earths, 
and its separation from the others is based on this fact. Accord- 
ing to Crookes, it is a complicated mixture,^' but this conclusion 
has not been confirmed. 

Yttrium was obtained by Cleve as a dark-grey powder possessing 
a metallic lustre under the burnisher. He prepared it by the 
electrolysis of the double chloride of yttrium and sodium, and 
also by fusing this with sodium. Yttrium decomposes water 
slowly in the cold, but more quickly on boiling.'^ It melts at 
1490 ®. Yttrium mixed metal,” ® containing 37*5 per cent, of 
yttrium, has been obtained by the electrolysis of a mixture of 
the fused chlorides of the yttrium metals. This mixture burns 
in the air at a dull red heat, and is slowly oxidised in moist air 
at the ordinary temperature. 

^ Crookes, loc, ciL 

2 Proc. Roy. 80 c., 1905, 74, 538. « Ibid., 1919, [A], 95, 438. 

* Honigsehmidt, ZetL Elektrochem., 1919, 25, 91. 

® Meyer and Schweig, ZetL anorg. Chem., 1919, 198, 303. 

* Joum. Chem, 80 c., 1889, 55, 260. 

’ Cleve, Compt, renC., 1882, 95, 1125. 

® Hicks, J, Amer, Chem, 80 c,, 1918, 40, 1619. 
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Yttrium Oxide^ YtgOg, is obtained as a white powder of sp. gr. 
6-046 by igniting the oxalate, nitrate, or hydroxide. On ignition, 
it emits a bright white light. It combines directly with carbon 
dioxide and is a strong base capable of liberating ammonia from 
ammonium salts. It has a specific gravity 5-326 and a specific 
heat 0 - 1173 , and may be obtained crystalline by fusion with 
calcium chloride. It does not combine directly with water, but 
when an yttrium salt is precipitated with an alkali the hydroxide 
is thrown down as a gelatinous precipitate which readily absorbs 
carbon dioxide from the air. If the precipitation is effected in 
the presence of hydrogen peroxide, a hydrated peroxide, 
Yt40g,a;H20 is obtained. Yttrium oxide dissolves slowly but 
completely in hydrochloric, nitric, and sulphuric acids. 

Yttrium Fluoride occurs together with the fluorides of 
cerium and calcium in the mineral yttrocerite found near 
Fahlun in Sweden, at Amity, Orange County, New York, in 
Massachusetts, and at Mount Mica in Maine. It is massive, 
crystalline-granular, and earthy, having a glistening vitreous to 
pearly lustre, and a colour varying from violet-blue to grey and 
white. Sometimes it has a reddish-brown colour. It may be 
prepared anhydrous by the action of fluorine on the carbide, and 
hydrated, as 2YtF3,H20 by the action of hydrofluoric acid or a 
soluble fluoride on a solution of an yttrium salt. 

Yttrium Chloride^ YtClg, formed by heating the oxide mixed 
with carbon in chlorine, or more easily ^ by passing a mixture of 
dry chlorine, hydrogen chloride, and sulphur chloride over the 
heated residue obtained by evaporation of a solution of the 
oxide in hydrochloric acid, is a colourless, transparent substance, 
which melts at 680 "^ and solidifies to form shining, white leaflets 
which volatilise at high temperatures. When the oxide is dissolved 
in hydrochloric acid the hydrate YtCl3,6H20 is obtained on 
evaporation in deliquescent prisms which are soluble in alcohol 
but insoluble in ether. These decompose when heated alone 
with evolution of hydrogen chloride, but when ignited in presence 
of sal-ammoniac or in a current of hydrogen chloride ^ the 
anhydrous chloride is obtained. The anhydrous chloride is very 
soluble in alcohol and pyridine, with which it forms additive 
compounds.^ The hydrated chloride forms a compound, 
YtCl3,llH20,2CgHi2N4, when treated with hexamethylene tetra- 
mine.® Crystals of hydrated yttrium chloride, when strongly 

^ Matignon, CompL rend., 1905, 140, 1181. 

* Ann. Chim. Phys., 1906 [8], 8, 433. 

^ Barbieri and Calzolari, AUi R. Accad. Lincei, 1911, [5], 80, i> 164. 
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heated, lose water and hydrochloric acid, forming basic salts, but 
when heated on a water-bath 5 molecules of water are lost and 
the last molecule can be driven off at 160° in the presence of 
hydrochloric acid gas. Yttrium chloride forms double com- 
pounds with some metallic chlorides, the compounds 
2YtCl3,3PtCl2,24H20 ; 4YtCl3,5PtCl4,52H20 ; YtCl3,2AuCl3,16H20, 
and YtCl3,3HgCl2,9H20 have been obtained in the crystalline 
condition. 

The bromide and iodide are very similar to the chloride. 

Yttrium Sulphide, YtgSg, is obtained as a yellow or grey 
powder by heating the oxide in the vapour of carbon disulphide 
(Popp), and by heating the chloride in sulphuretted hydrogen. It 
is not soluble in water, but is decomposed by acids (Wohler). 

Yttrium Sulphate, Yt2(S04)3,8H20, forms transparent crystals 
which lose their water at 115°. One hundred parts of cold 
water dissolve 9*3 parts of the salt, but when the solution is 
warmed to 100° 4*5 parts separate out in the crystalline state. 
It forms a microcrystalline powder with stannic sulphate ^ having 
the formula YtSn(S04)6. On heating yttrium sulphate at 700° 
a basic sulphate, Yt203,S03, is formed, which crystallises in 
white needles.^ 

Yttrium Nitrate, Yt(N03)3,6H20, is easily soluble in water, 
alcohol, or ether, forming large, deliquescent needles. At 25° 
100 grams of water dissolve 141»6 grams of the nitrate. A basic 
nitrate ® of the formula 3Yt2O3,4N2O5,20H2O is formed by 
shaking the oxide with nitric acid at 25°. This compound is 
stable in the presence of an aqueous solution of Yt(N03)3 con- 
taining 33 grams per 100 c.c. The normal nitrate forms a 
compound with hexamethylene tetramine,^ having the formula 
Yt(NO3)3,10H2O,2CeHi2N4. 

Yttrium Orthophosphate, YtP04,2H20, is slightly soluble in 
water; the metaphosphate, Yt(P03)3, is an insoluble crystalline 
powder; and the pyrophosphate, 2YtHP207,7H20, is soluble in 
water. 

Yttrium Carbide, YtC2, is prepared by heating the oxide with 
carbon in the electric furnace. It forms yellow, microscopic 
crystals of sp. gr. 4*13, and yields with water a mixture of gases 
containing 72 per cent, of acetylene, along with methane, 
ethylene, and hydrogen. 

^ Woiland and Kuhl, Zeit, anorg, Cherr,, 1907, 54, 244. 

* Brill, Zcit, anorg, Chem., 1905, 47, 464. 

® James and Pratt, J, Amer, Chem, Soc,, 1910, 32, 873. 

* Barbieri and Calzolari, Atti It, Accad, Lined, 1911, [5], 20, i., 164. 
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Yttrium Carhmate^ Yt2(C03)3,3H20, is a heavy, white powder 
insoluble in water, formed by the addition of an alkali carbonate 
to a solution of an yttrium salt, or by passing carbon dioxide into 
a suspension of yttrium hydroxide. It dissolves in excess of 
alkali carbonates and forms double carbonates, of which the 
compoimdsYt2(C03)3,Na2C03,4H20 and Yt(C03)3,(NH4)2C03,2H20 
have been isolated. 

Yttrium Broniate} Yt2(Br03)6,18H20, is a white, crystalline 
substance forming hexagonal prisms. It is formed by the action 
of barium bromate on yttrium sulphate, and dissolves to the 
extent of 168 parts in 100 parts of water at 25°. 

Detection and Estimation of Yttrium. 

358 This metal is most readily recognised by the spark 
spectrum of the chloride. This contains a large number of 
bright lines, of which two groups lying near the sodium line 
towards the red are especially characteristic. The salts show no 
absorption spectrum. The reactions of the yttrium salts are 
very similar to those of zirconium. 

The Atomic Weight of yttrium was determined by Bahr and 
Bunsen by the analysis of the sulphate to be 92. According to 
Cleve and Hoeglund,^ on the other hand, it is 89-2. This 
difference is probably due to the presence of other earths. From 
a still later determination^ Cleve obtained the number 88-4, 
whilst the somewhat lower number, 88-3, was obtained by Jones.^ 

Krcmers and Hopkins,^ by means of the silver chloride method, 
using very highly purified salts, have obtained the value 89*33. 
The number at present (1922) adopted is 88*7. 

LANTHANUM. La= 139*0. At. No. 57. 

359 Lanthanum salts are best obtained pure by the fractional 
crystallisation of the double magnesium nitrates of the cerite 
earths.® A very rapid and successful method of obtaining pure 
lanthanum compounds from mixtures of the cerium earths, from 
which the cerium has been removed, consists in dissolving the 

^ James and Langelier, J, Amer. Chem, Soc , 1909, 31, 913. 

* Bull Soc, chim., 1872, [2], 18, 193. 

3 Ibid., 1883, [2], 39, 120. * Amer, Chem. J., 1895, 17, 154. 

* Kremers and Hopkins, J. Amer, Chem. Soc., 1919, 41, 718. 

3 Drossbach, Ber., 1902, 36, 282C; Muthmann and Weiss, Annalen, 1904, 

331, 1. 

’ Pranlfcl anl Rauchenborger, Ber., 1920, 53B, 843. 
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mixed oxides in fairly concentrated hydrochloric acid, making 
the solution nearly neutral, adding a quantity of ammonium 
chloride equal in weight to that of the oxides, and diluting with 
water until the solution is 2-3iV' with respect to ammonium 
chloride. The solution is heated to 50° in a large porcelain dish 
and a mixture of 4iV-ammonia and 4iV’-ammonium chloride 
solutions added slowly with vigorous stirring until about 5 per 
cent, of the oxides have been precipitated, this is removed and 
the filtrate treated in the same way. The alternate precipitation 
and filtration is repeated until the filtrate no longer exhibits 
absorption lines. This filtrate then contains fairly pure lantha- 
num compounds only. Lanthana is the most basic of all the 
rare earths. 

Lanthanum was obtained by Mosander as a grey powder 
by heating the chloride with potassium. Ilillebrand and 
Norton^ prepared it by the electrolysis of the fused chloride, 
and obtained it in the form of fused globules, some of which 
weighed as much as six grams, and it has since been prepared in 
large quantities by the same method by Muthmann and Kraft.^ 
Thus prepared it has a specific gravity of 6‘154 and an iron-grey 
colour ; it takes a high polish but soon tarnishes, even on exposure 
to dry air, attaining a steel-blue colour. The metal can be 
hammered out to tolerably thin foil, and can be drawn into 
wire. The specific heat of the metal is 0-04485 and it melts at 
810°. It is paramagnetic and has a heat of combustion of 1602 
cal. per gram; it is slightly softer than zinc. When heated in 
the air it forms oxide and nitride, and when heated in hydrogen 
or nitrogen it forms the hydride and nitride respectively. The 
finely-divided metal burns brightly when thrown into the flame. 
It also takes fire when thrown into chlorine gas, burns less 
brightly in bromine vapour, and combines with iodine without 
evolution of light. Cold water oxidises it slowly with formation 
of the hydroxide. Cold concentrated sulphuric acid does not 
attack it, but in dilute sulphuric acid and in hydrochloric acid it 
dissolves with violent evolution of hydrogen, and it is oxidised 
by both concentrated and dilute nitric acid. Lanthanum forms 
alloys with iron and aluminium, in the case of the latter metal a 
compound, Al^La, being formed in lustrous crystals which are 
quite stable in air. Alloys of lanthanum, up to a composition 
30 per cent, lanthanum, are pjrrophoric and give showers of 
sparks when struck. 

1 Pogg, Arm., 1875, 166, 466. 


* Annalen, 1902, 325, 261. 
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Lavdhinum Oxide^ LagOg. — This is obtained in the form of a 
white powder which has a specific gravity of 6-48, by heating 
the hydroxide, oxalate, carbonate, or nitrate. It combines with 
water with evolution of heat, like lime, with formation of a 
voluminous snow-white powder of lanthanum hxydroxide, La(OH)3 ; 
this is obtained also by precipitating a lanthanum salt 
with an alkali in the form of a gelatinous precipitate which 
easily absorbs carbon dioxide from the air. The hydroxide 
has an alkaline reaction and decomposes ammonium salts on 
heating. It is therefore a somewhat stronger base than 
ammonium hydroxide.^ 

The oxide is readily reduced when it is heated with magnesium 
powder. If the reaction is carried out in an atmosphere of 
hydrogen, a hydride of lanthanum^ Lallg, is formed ^ which has 
been prepared pure by heating the pure metal in hydrogen 
at about 240° (Muthmann and Kraft). It is an unstable, black 
powder which does not take fire in the air. 

A 'peroxide^ which appears to be a hydrated form of the oxide 
LagOg, is precipitated when hydrogen peroxide and an alkali 
are added to a solution of a lanthanum salt. 

Lanthanum Chloride^ LaClg. — This substance is obtained in 
the anhydrous state by heating its ammonium double salt, or by 
passing a mixture ® of chlorine, hydrogen chloride and sulphur 
chloride over the heated hydrated chloride. It is a crystalline 
mass very soluble in water and alcohol, has a density ^ of 3*95, 
at 18°, and melts at 907°. In aqueous solution lanthanum 
chloride is hydrolysed to a very slight ^ extent. When the oxide 
is dissolved in hydrochloric acid, and the solution evaporated 
to a syrup, large triclinic prisms having the compositions 
2LaCl3,15H20 and LaClg, TllgO are deposited, and these when 
heated lose hydrogen chloride. Lanthanum chloride forms 
crystalline double salts with the chlorides of mercury, bismuth, 
antimony, platinum, gold, and pyridine. Double compounds 
are also obtained with alcohol, hexamethylene tetramine, and 
glycocoU. 

Lanthanum Sulphide, LagSg, is obtained by heating the oxide 
in the vapour of carbon disulphide, in the form of a yellow mass 

^ Vosterberg, Zeit. anorg, Chem , 1916, 94 , 371 ; Arkiv for Kemi, Min. och. 
Oeol, 1917, 6, No. 11. 

* Winkler, Ber., 1890, 23 , 787; 1891, 24 , 890. 

^ Matignon, Compt. rend., 1905, 140 , 1339; 1181. 

* Ley, Zeit. physikal. Chem., 1899, 80, 193. 
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which is decomposed by water. A disulphide,^ LaS2, 
prepared by heating La2(S04)3 in sulphuretted hydrogen at 600®. 
It decomposes at 650® into the trisulphide, LagSg. 

Lanthanum Sulphate, La2(S04)3,9H20, crystallises at the 
ordinary temperature in six-sided pointed prisms which are 
more soluble in cold than in hot water, whilst at 0® a hydrate 
with lOHgO separates out (Braimer and Pavlicek). One part 
of the anhydrous salt dissolves at 3° in less than 6 parts, whilst 
at 100® it dissolves in about 115 parts of water. The double 
potassium salt is insoluble in a solution of potassium sulphate. 
With stannic sulphate ^ it forms a compound, LaHSn(S04)4, which 
crystallises in six-sided plates. On heating the anhydrous sul- 
phate at 700® a basic sulphate is obtained® of the formula 
La203,S03, which forms white needles. The hydrated sulphate 
crystallises^ with the sulphates of the alkalis and forms the 
compounds : 

La2(S04)3,K2S04,2H20 ; La2(S04)3,5K2S04 ; 

La2(S04)3,Na2S04,2H20; 

La2(S04)3,(NH4)2S04,2H20 and La2(S04)3,5(NH4)2S04. 

It forms® double sulphates also with pyridine and quinoline 
sulphates. An acid sulphate, LaH3(S04)3, is formed in white, 
silky needles when a solution of the normal sulphate in concen- 
trated sulphuric acid is kept for some time. 

Lanthanum Broiwite^ La(Br03)3,18H20, is a white, crystalline 
compoimd, melting at 37*5® in its water of crystallisation. It is 
formed by the action of barium bromate on the sulphate, and 
dissolves to the extent of 416 parts in 100 parts of water at 25®. 

Lanthanum Nitride, LaN, is a black powder which is formed 
by the direct union of its elements and is hydrolysed by water, 
with the formation of ammonia and lanthanum hydroxide. 

Lanthanum Nitrate, La(N03)3,6H20, is easily soluble in water 
and alcohol, from which it crystallises in oblique prisms or 
tablets. It forms double nitrates’ with all the alkah metal 
nitrates and with ammonium nitrate of the formulae : 

^ Biltz, Ze%t, anorg. Chem,, 1911, 71, 427. 

* Weinland and Kuhl, Zeit. anorg, Chem,, 1907, 54, 244. 

» Brill, Zeit anorg. Chem,, 1906, 47, 464. 

* Barre, Compt rend., 1910, 161, 871. 

Kolb, Melzer, Merokl<^, and Teufel, Zett anorg. Chem., 1908, 60, 123. 

^ James and Langelier, J, Amer. Chem. 8oc., 1909, 31, 913. 

^ Jantsoh and ^^idgorow, Zeit anorg, Chem., 1911, 69, 221; Wyrouboff* 
BuU. Soc. fran^. Min., 1907, 30, 299. 




812 


METALS OF THE RARE EARTHS 


3La(N03)3,4NaN03,3H20 ; 

La(N03)3,2NaN03,H20 ; La(N 03 ) 3 , 2 KN 03 ,H 20 ; 

3La(N03)3,4KN03,4*6H20 ; 

3La(N03)3,4RbN03,8H20; La(N03)3,2RbN03, 41120 ; 

3La(N03)3,4Cs(N03),6H20 ; 

La(N03)3,2CsN03,H20 and La(N03)3,2NH4N03,4H20. 

Double nitrates are formed also with thallium nitrate, pyridine 
nitrate, and quinoline nitrate.^ A scries of double nitrates ^ is 
formed with the nitrates of magnesium, nickel, cobalt, zinc, and 
manganese. 

Lanthanum Carbide ^ LaCg, is formed when a mixture of the 
oxide with sugar charcoal is heated in the electric furnace. It 
is a crystalline substance, and is readily attacked by acids. Water 
decomposes it with evolution of a mixture of acetylene, methane, 
a very small amoimt of ethylene, and traces of liquid and solid 
hydrocarbons.® 

Lanthanum Carbonate, La2(C03)3,8H20. — This occurs as lan- 
thanite, a mineral which contains varying quantities of cerium, 
and crystallises in greyish-white, pink, or yellowish rhombic 
prisms. It occurs at Bastnas in Sweden ; also in Silurian lime- 
stone with the zinc ores of the Saucon Valley, Lehigh County, 
Pa., and in other localities in the United States. When a 
lanthanum salt is precipitated with a soluble carbonate this 
same salt is obtained in the form of glittering scales. It forms 
sparingly soluble double carbonates with the carbonates of the 
alkalis. 

Lanthanum forms complex tungstates^ with silver oxide, 
barium oxide, and ammonia. 

Detection and Estimation of Lanthanum. 

360 Lanthanum chloride yields a spectrum consisting of 
many very bright and characteristic lines, by means of which 
even traces of the metal can be readily detected. The salts of 
lanthanum possess an astringent, sweet taste. They do not show 
an absorption spectrum, and, when quite pure, do not give a 
phosphorescence spectrum. 

Lanthanum is determined quantitatively by precipitating it 

^ Kolb, Melzer, Merckle, and Teufel, Zeit. ancyrg Chem., 1008, 60, 123. 

* Jantsch, ZeiL anorg. Chem., 1012, 76, 303. 

* Moissan, Compt, rend., 1896, 123, 148. 

* Balke and Smith, J. Amer. Chem. Soc., 1904, 25» 1229. 
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either as hydroxide or as oxalate, these being converted by 
’gnition into the oxide. Lanthanum may be estimated volu- 
metrically ^ by means of oxalic acid and potassium per- 
manganate. 

The atomic weight of lanthanum has been obtained at various 
times by many chemists, but with varying results. The most 
recent experiments, however, yield fairly concordant numbers. 
Thus Brauner and Pavlicek^ found the atomic weight to be 
139-04, Jones® 138-77, Baxter, Tani and Chapin^ 138*91 and 
Hopkins and Driggs® 138*89; the number at present (1922) 
adopted is 139-0, which is probably slightly too high. 

CERIUM. Ce= 140-25. At. No. 58. 

361 The sources of this metal, which always occurs along 
with the rare earths, have already been mentioned, as well as 
the means by which it is separated (p. 797). The metal itself 
was first prepared by Mosander in the form of powder by 
heating the chloride with sodium. Wohler afterwards obtained 
it in the coherent state, and Hillebrand and Norton® have 
prepared it in large quantity by the electrolysis of the chloride, 
whilst Winkler prepared it by heating the dioxide with magnesium 
powder. It possesses the colour and lustre of iron, and is tolerably 
permanent in dry air, but in moist air tarnishes, becoming first 
of a yellow, then of a blue, and finally of a green colour. It is 
as soft and malleable as lead, and can be hammered and rolled, 
and, when warm, drawn into wire. The electrolytically prepared 
metal has a specific gravity of 6-628 (Hillebrand and Norton), 
7-0121 (Muthmann and Weiss), 6-920 (Hirsch)."^ Cerium melts 
at 623° (Muthmann and Weiss). It takes fire more easily than 
magnesium, and when scratched with a wire or scraped with a 
knife the jiarticles of finely-divided metal which are rubbed off 
take fire. The same phenomenon is observed when the metal is 
struck with a piece of flint, sparks of the metal flying off and 
burning with great brilliancy. The metal also burns in the 
flame with a much more brilliant light than magnesium. It 
reacts with the elements of the chlorine group, water, and acids 

1 Druschcl, Amer. J. Sci., 1907, [4], 24, 197. 

* Joiirn. Chem. Soc., 1902, 81, 1243. 

® Amcr. Chem, J,y 1902, 28, 23 ; Zeit, anorg, Chem , 1903, 36, 92. 

* J, Amer, Chem. Soc., 1921, 43, 1080. ® Ibid., 1922, 44, 1927. 

® Pogg» An?i., 1875, 155, ^31; 1875, 156, 460; see also Muthmann, Hofer, 
and Weiss, Annalen, 1902, 320, 231; 1904, 331, 1. 

’ Trans. Amer. Elritochem. Soc., 1911, 20, 57. 
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in a similar way to lanthanum, but concentrated nitric acid 
converts it into a brown substance, which is probably chiefly 
cerium dioxide. The alloys of cerium with other metals are 
generally hard and brittle, but that with antimony is soft. The 
alloys with iron, nickel, tungsten, manganese, cadmium, zinc, 
and several other metals yield sparks when struck.^ With tin,^ 
definite compounds of the formute CegSn, CcgSng, and CeSug 
have been isolated, and with aluminium ® compounds of the 
formulas CcgAl, CegAl, CeAl, CeAlg, and CeAl4 are obtained; 
copper, bismuth, and magnesium also fown well-defined inter- 
metallic compounds with cerium. The salts of cerium find a 
limited application in medicine as a remedy for sickness. 

According to Schlitzenberger ^ and Brauner ^ the cerium com- 
pounds prepared from cerite invariably contain small quantities 
of the derivatives of an element of lower atomic weight; this 
has, however, been disputed by other workers, and the question 
still requires investigation,® 


CERIUM COMPOUNDS. 

Cerium and Oxygen. 

362 Cerium forms three oxides ; (1) a dioxide, CeOg, (2) a 
sesquioxide, CcgOg, and ( 3 ) a peroxide, CeOg. The sesquioxide 
and the dioxide are basic, and yield corresponding series of 
salts known as the cerous and ceric salts, but the dioxide, 
like the corresponding lead compound, acts in many respects 
as a peroxide. 

Cerous Hydroxide, Ce(OH)3, is formed as a white precipitate 
when ammonia or potash is added to solutions of the cerous 
salts. On exposure to air it oxidises very rapidly, and becomes 
coloured reddish-violet. Cerium sesquioxide is not formed by 
heating the dioxide in a stream of hydrogen as was formerly 
stated, but in this way a dark blue oxide is obtained which 
has a composition ^ approximating to Ce407. A hydroxide 

^ Trans. Amer. Electrochem, Soc., 1911 , 20 > 57 . 

* Vogel, Zeit anorg, Chem., 1911, 72, 319. 

« Ibid., 1912, 75 , 41. * Compt. rend., 1895, 120 , 663, 962. 

® Chem. News, 1896, 71 , 283. 

* Boudouard, Compt. rend., 1897, 126 , 772; Brauner, Proc. Chem. Soc., 
1898, 14 , 69; Wyrouboff and Vemeuil, Compt. rend., 1897, 126 , 1180; Dross- 
bach, Ber., 1900, 83, 3506. 

’ Meyer, Zett. anorg. Chem., 1903, 87 , 378 ; Sterba, Ann. Chim. Phys., 1904, 
[8], 2, 193. 
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roughly corresponding to this last substance has also been 
ootained by allowing cerous hydroxide to oxidise partially in 
air.^ According to Burger the dioxide is reduced by calcium 
to the sesquioxide. This is a yellowish-green powder, which 
absorbs oxygen when preserved, and burns in the air to form 
the dioxide.2 

Cerium Dioxide, CeOg, is formed when a cerium salt of a 
volatile oxy-acid is heated in the air, and is thus obtained as a 
white ® or pale straw-coloured powder, which assumes a reddish 
tinge on ignition. If obtained by the ignition of the hydrated 
oxide it has a salmon colour. It may be obtained in the 
crystalline form by igniting cerous chloride with borax in a 
wind furnace.^ It dissolves in concentrated sulphuric acid, 
forming a dark yellow solution which has powerful oxidising 
properties, and evolves considerable quantities of active oxygen. 

When the acid sulphate is heated with caustic potash, or 
when chlorine acts on cerous hydroxide suspended in water, 
the hydrated dioxide, Ce02,3H20, is formed as a sulphur- 
yellow powder, whilst, if the hydroxide precipitated by the 
action of ammonia on a solution of cerium sulphate is dried 
at 385°, a bright yellow hydroxide, CeOgj^iHgO or Ce(0H)4, is 
obtained, which does not lose water to any considerable extent 
until heated to 600°.^ The hydroxides dissolve in hydrochloric 
acid, yielding a deep yellow solution which on heating yields 
the trichloride, chlorine being simultaneously evolved. The di- 
oxide behaves therefore both as a basic oxide and a peroxide. 
A higher hydrated peroxide, Ce03,a;H20, is also known.® 

Cerium dioxide when heated to high temperatures with 
chromium sesquioxide forms the compounds Ce02Cr203, 
3Ce02,4C!r203, Ce02,2Cr203 and Ce02,5Cr203. 

Cerium dioxide is used in the manufacture of mantles 
for incandescent gas burners. Mantles composed of thoria 

^ Wyrouboff and Verneuil, Compt fend,, 1899, 128, 601; see also Ann, 
Chim, Phys,, 1906, [8], 9, 289. 

a Ber„ 1907, 40, 1662. 

® Spencer, Journ, Chem, 8oc,, 1915, 107, 1265; Wyrouboff and Verneuil, 
Compt, rend,, 1897, 124, 1230; 1898, 127, 863; 1899, 128, 601; Sterba, fhid„ 
1901, 133, 221 ; Brauner, Zeit. anorg, Chem,, 1903, 34, 207. 

* Nordenskiold, Pogg, Ann,, 1861, 114, 612; see also Sterba, Compt, rend,, 
1901, 133, 294; Ann, Chm. Phys., 1904, [8], 2, 193. 

* Carnelley and Walker, Toum. Chem. Soc., 1888, 53, 84. 

^ de Boisbaudran, Compt. rend., 1885, 100, 606. 

’ Veil, Compt, renC., 1920, 170, 939. 
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alone give only a dull light when heated in the Bunsen 
flame, whereas the addition of a small quantity of cerium oxide 
causes a brilliant incandescence. The maximum brilliancy is 
obtained when the mantles contain 99 per cent, of thoria and 
1 per cent, of ceria, whilst a greater or a smaller amount of ceria 
causes a marked diminution in the intensity of the light. No 
fully satisfactory explanation of this phenomenon has as yet 
been given. 


Cerous Compounds. 

363 Cerous Hydride^ CcHg, is prepared by passing hydrogen 
over metallic cerium heated at 250-270°. It is a dark-blue or 
black powder, and takes fire spontaneously in air ^ ; in moist air 
it decomposes very rapidly; it is decomposed also by acids 
with evolution of hydrogen ^ and formation of cerous salts. 

Cerous Chloride^ CeCl 3 , is formed as a yellowish-white sub- 
limate when the metal is heated in chlorine, or when an 
intimate mixture of the oxide and carbon is heated in this 
gas. It may also be prepared by heating the sulphide first in 
a stream of carbon dioxide and then in hydrogen chloride. 
Prepared in this way it is a white, crystalline mass which dis- 
solves in water with a hissing noise.^ The boiling point of 
the solution in alcohol points to the formula CeClg. The 
hydrated salt, 2CeCl3,15H20, remains behind in ill-defined 
crystals when a solution of cerous oxide in hydrochlcric acid 
is allowed to evaporate over sulphuric acid, and the hydrate, 
CeCl 3 , 7 H 20 , has also been obtained in rhombic crystals. On 
heating, it decomposes with evolution of hydrogen chloride and 
formation of a basic chloride CeOCl. AVhen treated with hexa- 
methylene tetramine^ a compound is formed of the formula 
CeCl3,14H20,2C6Hi2N4. Cerous chloride is hydrolysed® to the 
extent of 0-14 per cent, in a 1/32 normal solution. Cerous 
chloride forms double chlorides with the chlorides of mercury, 
antimony, bismuth, tin, platinum, and gold. 

Cerous Bromide^ CeBrg, is obtained as a hygroscopic, snow- 
white, crystalline powder by passing hydrogen bromide over 

^ Daferfc and Miklauz, Monatsh., 1912, 33, 911. 

* Muthmann and Kraft, Annalen, 1902, 325, 261, 281 ; Kellinberger and 
Kraft, ibid., 279. 

* Muthmann and Stutzel, Bcr., ’898, 31, 1829; 1899, 32, 3413. 

* Barbiori and Calzolari, AUt, B, Accad, Lined, 1911, [6J, 20, i, 164. 

® Denham, Zeit, anorg, Chem,, 1908, 57, 378. 
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heated cerium sulphide.^ The anhydrous bromide * may also be 
prepared by heating the oxide in a mixture of sulphur chloride 
and hydrobromic acid. It is a very deliquescent substance, 
dissolving in water to form a faintly acid solution from which no 
crystalline hydrates have as yet been isolated. It forms double 
bromides with the bromides of antimony, bismuth, tin, and gold. 

Cer<ms Iodide, CelgjOHgO, forms transparent, easily soluble 
crystals which readily decompose with evolution of iodine. 

Cerous Sulphide, CegS^, is formed when the metal is burnt in 
the vapour of sulphur, when the oxide is heated in carbon 
disulphide vapour, and when cerous sulphate is heated in a 
current of sulphuretted hydrogen.® It is a brown or purple- 
black powder of specific gravity 5 * 1 . When the oxide is fused 
with three parts of sodium pentasulphide, and the fused mass 
lixiviated with water, cerous sulphide is obtained in small 
crystals resembling mosaic gold, which do not undergo altera- 
tion on exposure to the air.^ 

Cerous Sulphate, 062(804)3, dissolves in water at 0° to the 
extent of 40 parts ® in 100 , whilst at 100 °, 100 parts of water 
dissolve only 0-775 part. The solution yields crystalline hydrates 
with 12, 9 , 8, 5 , and 4 molecules of water respectively. With 
stannic sulphate ® a double salt of the formula CeHSn(S04)4 is 
formed as a microcrystalline powder. Crystalline derivatives 
are formed by cerous sulphate with pyridine and quinoline 
sulphates. 

Potassium Cerous Sulphate, 8X2804,062(804)3, is formed when 
an equal or greater weight of potassium sulphate is added to 
a solution of cerous sulphate. It dissolves in about 56 parts 
of water at 20°, and is almost insoluble in a concentrated solu- 
tion of potassium sulphate. It dissolves readily, however, in 
acidified water, and on slow evaporation a double salt, 
062(804)3,2X2804,31120, crystallises out. If less than the above 
proportion of potassium sulphate is added to a solution of cerous 


^ Muthmann and Stutzel, Ber., 1899, 32, 3413. 

* Burion, Compt. rend., 1907, 145, 243. 

* Muthmann and Stutzel, Ber., 1899, 32, 3413; Sterba, Ann. Chtm. Phya., 
1904, [8], 2, 193. 

* Compare Muthmann and Stutzel, Ber., 1899, 32, 3413; Sterba, Ann. 
Chim. Phys., 1904, [8], 2, 193. 

* Muthmann and Rolig, Zeit. anorg. Chem., 1898, 16, 460; compare Brauner, 
Joum. Chem. Soc., 1888, 53, 367. 

® Weinland and Kuhl, Zeit. anorg. Chem., 1907, 54, 244. 

’ Kolb, Melzer, M^'rokle, and Teufel, Zeit. anorg. Chem., 1908, 60, 123. 

VOL. II. (T.) 3G 
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sulphate, another salt having the composition 002(804)3, KgSO^ is 
formed as a granular, crystalline mass. 

Sodium, ammonium and thallium sulphate also form 
sparingly soluble double salts with cerium sulphate.^ An acid 
sulphate, 2 00X13(804)3, is formed by dissolving the normal sulphate 
in concentrated sulphuric acid and crystallising. 

Cerous Nitride^ OeN, is readily prepared by heating cerium 
in a current of nitrogen. According to Dafert and Miklauz ® 
pure cerium nitride cannot be got by the foregoing method; 
the pure substance is obtained by heating the hydride at 
800 - 900 ^^, in a current of nitrogen. It is a lustrous yellow 
or bronze substance, stable in dry air, and is decomposed by 
water with formation of ammonia, hydrogen, and cerium 
dioxide.^ A further nitride,^ CeN2, is formed as a greyish-black 
powder by heating cerium in a closed copper tube with a limited 
supply of air. 

Cerous Nitrate, Ce(N03)3,6H20, is a crystalline mass, obtained 
by the action of barium nitrate on a solution of cerous sulphate, 
or by the action of nitric acid on cerium dioxide in the presence 
of hydrogen peroxide, which begins to decompose about 200°, 
It is easily soluble in water and in alcohol, and forms crystalline 
double salts with ammonium,® sodium, potassium, rubidium,’^ 
ca 3 sium, and thallium nitrates, and also with the nitrates of 
pyridine, quinoline, and piperidine.® A series of double nitrates ® 
of the general formula 2Ce(N03)3,3M(N03)2,24H20 is formed 
with the nitrates of magnesium, nickel, zinc, cobalt, and 
manganese. 

Cerous Phosphate, CeP04, occurs in the mineral monazite. 
This mineral often contains thorium, tin, manganese, and calcium 
in varying quantities. It crystallises in brownish, hyacinth-red, 
monoclinic crystals, and occurs in the Urals, in Norway, and in 
several locahties in the United 8tates and 8outh America. It 
may be prepared by fusing cerium dioxide with sodium meta- 

' Wolff, ZeiL anorg, Chem., 1905, 45, 89; Barre, CompL rend., 1910, 151, 
871. 

2 Wyrouboff, Bull. Soc, chim., 1889, [3], 2, 745. 

3 Monatsh,, 1912, 33, 911. 

* Muthmann and Kraft, Annalen, 1902, 325, 261. 

® Farabon, Ann. Chtm. anal., 1919, [2], 1, 156. 

® Wolff, Zeit. anorg. Chem., 1905, 45, 89. 

’ Wyrouboff, Bull. Soc. frang. Mtn., 1907, 30, 299 ; Jantsch and Widgorow, 
Zeif. ancyrg. Chem., 1911, 69, 221. , 

* Kolb, Melzer, Mcrckle, and Teufel, Zeit. anorg. Chem., 1908, 60, 123. 

* Jantsch, Zeit. anorg. Chem., 1912, 76, 303. 
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phosphate, when it is obtained in rhombic prisms varying in 
colour from yellow to greenish-grey. 

Cerous Carbonate^ Ce2(C03)3, occurs in lanthanite, and may be 
obtained by precipitating a solution of cerous sulphate with 
ammonium carbonate. The precipitate thus obtained has the 
composition 062(003)3, SHgO, and on standing assumes the form 
of small, silky needles. Oerous carbonate forms double carbon- 
ates with sodium, potassium, and ammonium carbonate. 

The nitrite,^ bromate,^ 0e{BrO3)3,9H2O, perchlorate,^ 
06(0104)3,91120, dithionate,^ 062(8263)3,121120, selenate,® 
062(804)3,41120, ammoniomolybdate,^ (NH4)e0e2Mo44O48,24H2O, 
silicotungstate,^ 2(12WO3)28iO2,30eO,H2O,27H2O, and the com- 
plex ferrocyanide,® NH40eFe(0N)e, have all been prepared. 

Oerig Oompounds. 

364 Ceric Fluoride, 0eF4,H2O, is obtained by acting on hy- 
drated cerium dioxide with hydrofluoric acid, and on heating 
yields water and then hydrofluoric acid and free fluorine.'^ 
Oeric fluoride forms double compoimds ® with the fluorides of 
cadmium, copper, cobalt, nickel, and zinc which have the 
general formula MF2,20cF4,7H20. 

Ceric Chloride, owing to its extreme instability, has not yet 
been isolated, but if a ceric compound is dissolved in cold hydro- 
chloric acid a dark red solution is obtained which in all probability 
contains the hypothetical acid, H2CeCl6. This solution, on keep- 
ing, or on warming, loses chlorine and a cerous compound is 
formed. Although the chloride is not known, a number of 
double compounds of it have been isolated, which include ceric 
pyridinium chloride, (CgllgNHlgCeOle, ceric quinolinium chloride, 
(C9H7NH)2CeCl3 ® and well defined crystalline derivatives with 
the hydrochlorides of caffeine, theobromine, quinine, and tri- 
ethylamine.^® 

Ceric oxychloride, CeOCl2,10H2O,^^ is produced by the electro- 

^ Morgan and Cahen, Journ. Client, Soc., 1907, 91, 475. 

2 James and Langeber, J. Amer, Chem, Soc., 1909, 31, 913. 

® Cingolani, AUi i?. Accad, Lincei, 1908, [5], 17, 254. 

* Barbieri, Atti R. Accad, Lincei, 1908, [5], 17, 540. 

® Wyrouboff, Bull, Soc, franQ, Min., 1905, 28, 201. 

* Robinson, Joum. Chem. Soc., 1909, 95, 1358. 

^ Brauner, Monatsh., 1882, 3, 8. 

* Rinbach and Kilian, Annalen, 1909, 368, 101. 

® Koppel, Zeit, anorg, Chem,, 189^, 18, 305. 

Stefano, Annali Chim, appl, 1919, 12, 130. 

Arnold, Zeit. Elektrochem,, 1918, 24, 137. 
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lysis of slightly hydrated molten cerous chloride at 900 °. It is 
deliquescent and is hydrolysed by water to form ceric hydroxide 
and cerous chloride. 

Ceric Sulphate^ 00(804)2. — ^When cerium dioxide is heated 
with concentrated sulphuric acid it is converted without 
dissolving into ceric sulphate.^ The salt, after washing with 
acetic acid and drying in a vacuum over potash, is obtained as 
a yellow, crystalline powder. It is very soluble in water, and 
the solution deposits a basic salt on warming. The hydrated 
salt, Ce(S04)2,4H20, is obtained by dissolving the dioxide in 
dilute sulphuric acid and evaporating the salt in a vacuum 
over sulphuric acid. It is then deposited iu the form of reniform 
masses consisting of fine crystals. In the moist state these are 
brown, whilst when dried they are yellow. When an excess of 
concentrated sulphuric acid is poured on the dioxide and the 
solution, diluted with water, gradually allowed to evaporate, 
ceri-cerohydrosulphate is deposited in fine, red, hexagonal crystals. 
Some doubt exists as to the exact composition of this compound, 
which is given by Brauner ^ as 206(804)2,062(804)3,112804,241120. 
On further evaporating the mother-liquor, yellow crystals of 
0e(SO4)2,4H2O are deposited. 

Oeric sulphate forms double sulphates with the sulphates of 
the alkali metals, such as 00(804)2,2X2804,21120, a compoimd 
which is deposited in small, yellow, monoclinic crystals. Oeric 
sulphate is decomposed by water with formation of basic salts, 
the composition of which varies according to the quaitity of 
water present. 

Ceric Nitrate, — The normal salt is not known, but when a solu- 
tion of the hydrated dioxide in nitric acid containing calcium 
nitrate is evaporated, long red crystals of a basic nitrate, 
Ce(N03)30H,3H20, are obtained.® If potassium nitrate be added 
to the acid solution, and the liquid allowed to crystallise in a 
vacuum over lime, yellow, glistening, six-sided prisms are de- 
posited, having the composition 2Ce(N03)4,2KN03,3H20. Ceric 
nitrate also forms double salts with other nitrates. 

Ceric Amrrwnium Nitrate,^ Ce(N03)4,NH4N03,2H20, is pre- 
pared by the electrolytic oxidation of a mixture of cerous 


^ Meyer and Aufiecht, Ber., 1904, 37, 140. 

* Zeit, anorg. Chem,, 1904, 30, 261, where a summary of the literature is 
given; see also Wyrouboff and Vemeuil, Ann, Chihi. Phya,, 1906, [8], 9, 289. 

* Meyer and Jacoby, Zeit, anorg, Chem., 1901, 27, 369. 

* Plancher and Barbieri, Atti R, Accad, Linceit 1904, [6j, 14 , i., 119. 
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and ammonium nitrates. This compound has a colour very 
similar to that of potassium bichromate ; it is fairly soluble in 
water, and on boiling or heating at temperatures above 60° is 
partially reduced with the formation of cerous nitrate. 

Cerium Carbide, CeCg, is obtained by heating cerium dioxide 
with sugar charcoal in the electric furnace, and forms a reddish- 
yellow, transparent, crystalline substance. On treatment with 
water it yields a mixture of 75 per cent, of acetylene, 4 per cent, 
of ethylene, and 21 per cent, of methane.^ When cerium carbide 
is heated to 1250° in nitrogen ^ it is converted into the nitride. 

Cerium Silidde, CeSig, is obtained when cerium dioxide is 
heated with silicon in the electric furnace.® It forms small 
crystals having a steely lustre and a specific gravity of 5*67. 

Ceric Selenite,^ Ce(Se03)2, ceric dihydrogen arsenite,^ 
Ce(H2As04)4,4Il20, ceric iodate,® and ceric monohydrogen 
arsenite,^ Ce(HAs04)2,6H20, have been prepared. 

Detection and Estimation of Cerium. 

365 The spark spectrum of cerium contains a number of 
bright lines, of which the brightest and most characteristic lie 
in the green and blue. A characteristic reaction for the cerium 
compounds is the precipitation of red ceric hydroxide when 
sodium hypochlorite is added to a colourless cerous salt; this 
dissolves in warm hydrochloric acid with evolution of chlorine. 
The other reactions have already been described. 

In order to estimate cerium quantitatively, the solution is 
precipitated with caustic potash, and the washed and dried 
precipitate is heated in the air in order to convert it into the 
dioxide, or it is precipitated as the oxalate and converted into 
the dioxide by heating. Cerium may be estimated volumetrically ® 
by means of oxalic acid and potassium permanganate, and 
also by means of potassium ferricyanide and potassium per- 
manganate.*^ 

The Atomic Weight of cerium has been determined by several 

1 Moissan, Compt, rend., 1896, 122, 367; 1897, 124, 1233; Muthmann, 
Hofer, and Weiss, Annalen, 1902, 920, 231. 

* Fichter and Soholly, Helv. Chim. Acta, 1920, 3, 164. 

® Sterba, Compt. rend., 1902, 135, 170. 

* Barbieri and Calzolari, Ber., 1910, 43, 2214. 

* Barbieri, Atti B, Accad. Lincei, 1907, f5], 16, i, 644. 

® Meyer and Schweitzer, Zett. anorg. Chem., 1907, 64, 104. 

^ Browning and Taimer, Amer. J. Set., 1908, [6], 26, 83. 
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chemists. The early work of Bunsen ^ and Rammelsberg ^ gave 
low values; later, Brauner^ and Robinson^ found 140‘2. Stiil 
more recently Brauner,^ by the analysis of cerium oxalate and 
sulphate, obtained the number 140-25, which at present (1922) 
is accepted. 


PRASEODYMIUM. Pr= 140*9. At. No. 59. 

366 The substance originally described as didymia by 
Mosander (p. 794) was foxmd by Lecoq de Boisbaudran in 1879 to 
contain the oxide of another element, named by him samarium, 
from which it was separated by repeated fractional precipitation 
with ammonia. Didymia, freed from samaria, was then looked on 
as an individual substance imtil in 1885 Welsbach ® succeeded 
in resolving it into the oxides of two distinct elements, which 
he termed praseodymium and neodymium. This was accom- 
plished by the oft repeated crystallisation, from 
strong nitric acid solution, of the double nitrate of the metal 
with ammonium, or, in the last stage of the process, sodium 
nitrate. The separation can also be effected by means of the 
double magnesium nitrate (Drossbach), or the sulphate.’ 

These two substances have not up to the present been further 
resolved and appear to be true elements, although Chroustschoff ® 
states that he has isolated a third element, with bluish coloured 
salts, which he terms ylaucodidymium. They resemble one 
another closely in their chemical properties, but their salts 
differ very strikingly in colour, those of praseodymium being 
green, and those of neodymium rose-coloured. The proportions 
present in the old didymiurn are about 1 of praseodymium to 
2 of neodymium. 

Praseodymium has been prepared by Muthmann and Weiss by 
the electrolysis of the chloride. It has a yellowish colour and 
is unaffected by air, melts at 940°, and has the sp. gr. 6-4754. 

1 Annalen, 1853, 86, 265; 1858, 105, 40. 

* Pogg, Ann , 1859, 108, 40. 

a Joum. Chem. Soc., 1885, 47, 879; Chem. Newf, 1895, 71, 283. 

* Proc, Boy. Soc,, 1884, 37, 150. 

® Brauner and BatSk, Zeit. anorg. Chem,, 1903, 34, 103; Brauner, ibid., 
207. 

« Momtsh., 1885, 6, 477. 

’ Muthmann and Rblig, Ber., 1898, 31, 1718. 

® Chroustschoff, J. Russ. phys. Chem. Oes., 1897, 39, 206; Kruss and Nilson, 
Ber., 1887, 30, 2134, 3067. 
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When heated in the air praseodymium burns, forming a mixture 
of oxide and nitride. 

Praseodymium arid Oxygen . — This metal readily forms a dioxide, 
PrOg, which is obtained pure ^ by heating the nitrate with potass- 
ium nitrate at 400-450°. It is a black powder which yields 
chlorine with hydrochloric acid, is reduced by hydrogen peroxide, 
and in acid solution oxidises cerous to ceric salts and 
manganous salts to permanganic acid. No stable salts derived 
from this oxide are known. 

The sesquioxide, PrgOg, is obtained by heating the dioxide or 
one of the intermediate oxides in hydrogen as a yellowish-green 
amorphous powder which readily dissolves in acids, forming 
characteristic green salts. When this oxide or a salt of the metal 
with a volatile acid is heated a dark coloured oxide is formed, 
the composition of which is intermediate between PrgOg and PrOg 
and varies with the conditions of formation. Various formulae 
have been ascribed to this substance, such as Pr407, PrgOg 
and PrgOji. 

The hydroxide, Pr(OII)3, is a light green, amorphous powder. 
A hydrate of a peroxide, PrgOg, is also known. 

Praseodymium Chloride, PrClg, is a pale green, crystalline 
mass, melting at 818°, density at 18° 4-017 ; it is very readily 
soluble in water and alcohol, and yields a hydrate with THgO. 

The fluoride, PrFg, is obtained ^ as a gelatinous precipitate 
when hydrofluoric acid is added to a solution of the nitrate ; on 
warming it yields yellow, glistening crystals. 

The bromate, Pr(Br03)3,9H20, is formed in the same way as 
cerous bromate. 

Praseodymium Sulphate, Pr2(S04)3, crystallises with 8IT2O and 
forms green, monoclinic crystals. Hydrates with 5, 12, and 15| H2O 
arc also known. It forms sparingly soluble double sulphates 
with the sulphates of the alkali metals. 

Praseodymium Nitrate, Pr(N03)3,6H20, crystallises in long 
needles, and forms the double ammonium salt, 

Pr(N03)3,2NH4N03,4H20. 

It also forms double nitrates with the nitrates of rubidium,® 
magnesium,^ nickel, cobalt, zinc, and manganese. 

1 Brauner, Proc. Chem. Soc., 1901, 17, 60. . 

® Popovici, Ber., 1908, 41, 634. 

* Jantsch and Widgorow, Zett. anorg. Chtm., 1911, 69, 221, 

* Jantscli, Zeit. anorg. Chem., 1912, 76, 303, 
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Praseodymium Carbonate^ Pr2(C03)3,8H20, is formed by passing 
carbon dioxide into an aqueous suspension of the hydroxide, or 
by adding ammonium carbonate to a solution of the chloride. 
It is thus obtained in sparingly soluble, silky plates. It forms 
green double carbonates with the carbonates of the alkali metals. 

The hydride, carbide, sulphides, and nitride resemble those 
of lanthanum in chemical properties. 

Praseodymium is best detected by means of its absorption 
spectrum, which contains 5 bands, the maxima of which are 
situated at wave-lengths 596*8, 689*5, 481*2, 469*3, and 444*7 
(Brauner). The oxide acts as an exciter of the phosphorescence 
of colourless oxides such as lanthana and yttria. 

Praseodymium compoimds colour the borax bead ^ yellowish- 
green in the oxidising flame and green in the reducing flame. 


NEODYMIUM. Nd= 144*3. At No. 60. 

367 Neodymium salts are very difficult to prepare free from 
samarium, but this was accomplished by Demar9ay ^ in 1898. 

Neodymium is prepared by the electrolysis of the fused chloride, 
using a very thin carbon cathode and a current of 90-100 amperes. 
It has a yellowish colour and slowly tarnishes in the air. It is 
slowly attacked by cold water, and rapidly by hot water and acids. 
It melts at 840°, and has the sp. gr. 6*9563. 

Neodymium and Oxygen , — The only stable oxide is the ses- 
quioxide, Nd203, which is a blue powder, and is not affected by 
ignition in the air. The hydroxide ® is prepared by precipitating 
a solution of a neodymium salt with an alkali hydroxide. If 
the dried product is heated to 310° a greyish-brown substance, 
2Nd203,3H20, is formed, whilst at 525° NdgOjjHgO, a grey com- 
pound, is formed. The unstable dioxide, NdOg, is formed by 
the action of heat on the oxalate and nitrate in an atmosphere 
of oxygen. 

The salts of neodymium are derived from the sesquioxide 
and are of a rose to a violet-red colour.'^ The chloride melts at 
785°. It forms hydrates with IHgO and OHgO, and derivatives 
with alcohol and pyridine. With gaseous ammonia the anhy- 

^ Milbauer, Zeit, anal, Chem., 1907, 46, 457. 

2 Compt. rend., 1898, 126, 1039. 

* Joye and Gamier, Compt. rend., 1912, 154, 610. 

• See Matignon, Ann, Chim, Phya,, 1906, [8], 8, 243; Compt, rend., 1906, 
142, 276 ; Matignon and Trannoy, ibid., 1042. 
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drous chloride forms derivatives with 1 , 2, 4, 6 , 8 , 11, and 12 
4iiolecules of ammonia. The bromide ^ is prepared in the same 
way as cerous bromide, and the fluoride ^ as praseodymium 
fluoride. The sulphate is much less soluble than that of 
praseodymium, whilst the double ammonium nitrate is more 
soluble than the corresponding praseodymium salt. Double 
nitrates * corresponding with those of praseodymium are formed 
by neodymium nitrate. 

The absorption spectrum contains more than 20 bands, one 
of which, of wave-length 469*1, almost coincides with one of 
the praseodymium bands. Neodymium salts impart a violet 
colour to the borax bead ^ when heated in the reducing flame, 
but no colour in the oxidising flame. Like praseodymia, the 
oxide excites phosphorescence in other colourless earths. The 
oxide when heated, especially in presence of other oxides, glows 
with light which yields a discontinuous spectrum, a phenomenon 
which was also observed with the old didymium oxide. 


SAMARIUM. Sa== 150*4. At. No. 62. 

368 This element was discovered in samarskite by Lecoq de 
Boisbaudran in 1879, but its compounds were first obtained 
quite free from europium and gadolinium in 1904 by Urbain 
and Lacombe® by the fractional crystallisation of the double 
magnesium nitrates to which the corresponding bismuth salt 
had been added. In addition to the salts of the type SaXg, 
samarium forms a subchloride, SaClg. It and europium are the 
only elements of the rare earth metals to form compounds of 
this type. 

Metallic samarium is of a whitish-grey colour, melts at 1,300- 
1,400°, has a sp. gr. of about 7*7, and tarnishes in the air. The 
oxide, SagOg, has a faint yellow colour and does not form a 
higher oxide when heated in the air. The salts are topaz-yellow 
coloured and show a faint absorption spectrum, most of the 
bands being in the blue or violet. A large number of them 
have been described by Cleve.® The chloride, SaClg, is almost 

^ Burion, CompL rend., 1907, 145, 243. 

* Popovici, Ber., 1908, 41, 634. 

* Jantsch and Widgorow, Zeit, anorg. Chem., 1911, 69, 221; 1912, 76, 303. 

* Milbauer, ZetL anal. Chem., 1907, 46, ^67. 

® Compt. rend., 1904, 138, 1166. 

« mi. 80 c. chim , 1885, [2] 43, 53. 
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white, melts at 686®, and forms a hydrate with 6H2O, which 
crystallises in large yellow tablets. The anhydrous salt Is 
soluble ^ in alcohol and pyridine, and with the latter substance 
forms a gelatinous substance on heating which redissolves on 
cooling. On heating in hydrogen it is reduced to samarous 
chloride, and on heating in oxygen it yields an oxychloride, 
SaOCl. When treated with ammonia,^ derivatives containing 1, 
2, 3, 4, 5, 8, 9*5, and 11*5 molecules of ammonia are formed. 
The subcliloride, SaClg, is formed when the chloride is heated 
in dry hydrogen or ammonia, or with aluminium powder.® It is 
a reddish-brown, crystalline mass which dissolves in water, form- 
ing a reddish-brown solution which decomposes with evolution of 
hydrogen and becomes colourless. A corresponding subiodide, 
Saig, has also been prepared by reducing the tri-iodide at high 
temperatures with gaseous hydrogen iodide. It is a yellow com- 
pound which dissolves in water to form a brown solution, and 
this on keeping loses its colour and deposits gelatinous samarium 
hydroxide. 


EUROPIUM. Eu= 152*0. At No. 63. 

369 The salts of this element were originally obtained from 
Lecoq de Boisbaudran’s samarium by Demarjay (1896), and were 
first prepared pure by Urbain and Lacombe (1904). The separa- 
tion from samarium is effected by the prolonged fractional crys- 
tallisation from nitric acid of the magnesium double nitrates in 
presence of bismuth nitrate, the double magnesium nitrate of 
which is intermediate in solubility between the other two. It 
has been shown recently ^ by the spectrum analysis of europium- 
samarium fractions that it is likely there is an element in this 
fraction which has not previously been discovered. This has been 
termed eurosamariim. The oxide, EugOg, and most of the salts 
have a faint pink colour, and the latter show a faint absorption 
spectrum. Europium chloride, EuClg, is formed in fine needles by 
heating the hydrated chloride in a mixture of chlorine and sulphur 
monochloride. It is soluble in water and the hydrated chloride, 
when heated to 600® is converted into the oxychloride EuOCI. 
This element, like samarium, forms a lower chloride,® EuClg, by 

1 Matignon, Ann, Chim. Phys,, 1906, 8, 402. 

* Matignon and Trannoy, CompL rend., 1905, 140, 141. 

* Matignon and Gazes, Ann. Chim. Phys., 1906, [8], 8, 417. 

* Eder, Stizungaher, Akad. JVten, 1917, Ha, 126, 473. 

‘ Urbain and Bourion, Compt, rend., 1911, 153, 'U55, 
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heating the higher chloride in hydrogen. This compound is 
£,olubIe in water without change, but on boiling the solution, 
oxidation occurs and the oxide is precipitated 

I2EUCI2 3O2 = 8EUCI3+ SEUgOg 

The spark spectrum is brilliant and characteristic. Europium 
occurs in very small quantities, monazite sand containing only 
0*02 per cent. Its presence has been detected in the sun and 
certain stars.^ 

GADOLINIUM. Gd = 157*3. At. No. 64. 

370 This clement was discovered in 1880 by Marignac^ in 
samarskite, and its salts were first prepared free from europium 
and terbium by Urbain and Lacombe.® The oxide, GdgOg, is 
white and the salts are colourless and do not show absorption 
bands.^ The oxide is liygroscopic, absorbs carbon dioxide from the 
air, and dissolves slowly in acids. It darkens in colour on heating 
and has a specific gravity 7*41. The chloride, GdClgjGIIgO, forms 
deliquescent, prismatic crystals. The sulphate, Gd2(S04)38H20, 
is isomorphous with the corresponding sulphates of the other rare 
earths. It forms double sulphates with the sulphates of sodium 
and potassium. Gadolinium nitrate, Gd(N03)3, 01120, is similar 
to the other rare earth nitrates. It forms double nitrates with 
alkali nitrates and certain divalent nitrates. 

TERBIUM. Tb= 159*2. At. No. 65. 

371 The existence of the earth originally called erbia by 
Mosander was denied by Berlin (1800), and by Bahr and Bunsen 
(1800), but was confirmed by Delafontaine (1878) and by 
Marignac. It then received the name of terbia, the designa- 
tion erbia having been in the meanwhile applied to the rose- 
red earth described below. It was afterwards found that all 
these preparations consisted mainly of gadolinium, and pure 
terbium compounds were first obtained by Urbain ^ by fraction- 
ating the nickel double nitrates, the ethyl sulphates, or a mixture 

^ Lunt, Proc» Roy. Soc., 1907, 79, [^1, 118. 

2 Ann, Chim, Phys., 1880, [5], 20, 535. 

® See also Urbain, Compt, rend., 1905, 140, 583. 

^ Benedicks, Zeit. anorg. Chem , 1900, 22, 393; Popovici, Ber., 1908, 41, 
034. 

® Compt. rend., 1905, 141, 521; 1906, 142, 957; J, Chim. phys., 1906, 4, 
31, 105. 
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of bismuth nitrate with the nitrates of the terbium earths. 
According to Urbain, terbium forms a white oxide, Tb203, and 
a dark brown peroxide, which appears to have the composition 
Tb407, and is obtained by igniting the oxalate. The sesquioxide 
is strongly magnetic.^ The salts ^ are colourless and show no 
absorption spectrum. Terbium chloride, TbCl3,6H20, terbium 
sulphate, Tb2(S04)3,8H20, and terbium nitrate, Tb(N03)3,6H20, 
are prepared in the same way and have similar properties to the 
corresponding compounds of the other yttrium earths. The 
presence of terbia in gadolinia renders the latter yellow. 

DYSPROSIUM. Dy= 162-5. At. No. 66. 

HOLMIUM. Ho =163-5. At. No. 67. 

ERBIUM. Er= 167-7. At. No. 68. 

THULIUM. Tm= 168-5. At. No. 69. 

372 The terbia originally isolated from crude yttria by Mosan- 
der subsequently received the name of erbia (Berlin), and has 
been shown by Soret, Cleve, Thalen and Lecoq de Boisbaudran 
to consist of at least four earths, the true erbia, holmia, thulia, 
and dysprosia. The salts of all these show absorption bands, but 
it is doubtful whether any one of the four, with the possible 
exception of dysprosia,^ is an individual substance.^ Thulium, 
according to Auer von Welsbach,® consists of at least three 
elements, which he names thulium I, II, and III respectively. 
Erbium forms a rose-coloured oxide which dissolves in acids to 
form intensely red salts, which in solution show absorption bands, 
whilst the salts ® of dysprosium are green or yellow. Dysprosium 
oxide is pure white and very strongly magnetic,’^ being 12*8 
times as strong as ferric oxide. Holmia is yellow in colour ® and 
the salts are pale yellow with an orange tint. 

Solutions of the salts when concentrated give a characteristic 
absorption spectrum containing about 15 bands. 

Thulium oxide, TnigOg, is quite colourless, whilst the salts are all 
green or bluish-green and in solution yield an absorption spectrum 
containing seven characteristic absorption bands. 

^ Urbain and Jantsch, Compt, rend,, 1908, 147, 1286. 

* Potratz, Chem. NeAvs, 1905, 92, 3; Urbain and Jantsch, Compt, rend,, 
1908, 146, 127. 

* Urbain, Compt, rend,, 1906, 142, 785; 143, 692. 

^ Compare Ze\t, anwg, Chem,, 1892, 3, 353, 407. 

« Monatsh, 1911, 32, 373. 

* Jantsch and Ohl, Ber,, 1911, 44, 1274. 

’ Urbain, Compt, rend,, 1908, 146, 922. 

* Holmbcrg, Arkiv Kem, Min, GeoL, 1911, 4, No. 2, 1.. 
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NEO-YTTERBIUM. Yb = 173 5. At. No. 70. 

LUTECIUM. Lu=i 75 0. At. No. 71. 

373 The element known as jiiterbium was discovered by 
Marignac in gadolinite in 1878/ and was separated from scandium 
by Nilson in 1880. It forms one oxide of the type MgOg, which 
is white ; the salts are colourless and yield no absorption bands, 
but the spark spectrum is characteristic (Thalen). Urbain,^ by 
fractional crystallisation of the nitrate of pure ytterbia, has 
resolved it into two elements, which he terms lutecium and neo- 
ytterbium; of the three characteristic absorption bands of the 
“ old ” ytterbium, the a and ^ bands belong to neo-ytterbium 
and the 7 band to lutecium. The atomic weights ^ were de- 
termined by analysis of the hydrated sulphates prepared from the 
nitrates which had been subjected to 15,000 recrystallisations. 
Auer von Welsbach,^ by the fractional precipitation of ytterbium 
oxalate, has also resolved ytterbium into two components which 
he terms aldebaranium and cassiopeium ; these elements are identi- 
cal with neo-ytterbium and lutecium. Welsbach is of the opinon 
that a third element also is present, since some of the lines present 
in the spectrum of the old ytterbium do not appear in the spectra 
of either of tlie new elements. The compounds of the two ele- 
ments are indistinguishable chemically, and have been investi- 
gated by Urbain, Bourion, and Maillard.® 

CELTIUM. Ct = (?) At. No. 72 (?).« 

In the isolation of lutecium from the gadolinite earths Urbain 
obtained a small quantity of an uncrystallisable mother-liquor, 
which contained an element the oxide of which had a magnetic 
susceptibility 3-4 times less than that of lutecia. The name 
celtium was assigned to the element. The arc spectrum of this 
oxide is rich in lines, the most intense being X= 2685*2, 2765*8, 
3080*7, 3118*6, and 3197*9. The oxide is less basic than lutecia, 
but more basic than scandia. 

^ Compt, revd., 1878, 87, 678. * Urbain, Compt. rend., 1907, 146i 759. 

» Compt. rend., 1908, 146, 408. « Mmatsh., 1908, 29, 181. 

® Compt. rend., 1909, 149, 127. 

* Dauvillier, Compt. rend , 1922, 174, 1347, supports the claim of Celtium 
to the position 72 from the results of X-ray spectroscopy, but the discovery 
of Hafnium by Coster and Heve8>, Nature, 1923, 113, 79, also of At. No. 72, 
throws doubt on this claim (p 868.) 

7 Compt, rend., 1311, 162, 141. 
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